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A New Generation of Radar 


JAMES M. BRIDGES, Guest Editor 


N TRACING the history of radar development we 
| associate with its early conception—or “invention” 

—the names of relatively few scientists and engi- 
neers. Such men as Young, Taylor, Watson-Watt, Blair, 
Page, and Hyland, are on record and generally accepted 
as the “fathers” of this tremendously important area of 
military technology. But we find it hard to credit to 
specific individuals very many of the remarkable tech- 
nological advances that have been made during radar’s 
two decades of existence. As in most of the rapidly grow- 
ing fields of technology, few new ideas are conceived and 
developed entirely by a single individual, or even by a 
single agency. Rather, the technological advancement 
of radar has in most cases resulted from determined at- 
tacks on the limiting technical problems by thousands 
of dedicated scientists and engineers working in many 
government, university, and industrial laboratories. The 
contribution of one man or group adds to the achieve- 
ments of others, and the feedback of knowledge acquired 
multiplies the total capability. 

Largely through this extensive interchange and inter- 
action of knowledge a new concept can mature fully, be 
physically realized, and become operationally useful. In 
this process it is hoped that this issue of the [RE TRANs- 
ACTIONS ON MiILiTary ELEcTRONICS, dealing with ad- 
vanced radar techniques, will act as an effective catalyst. 

As radar enters its third decade, it is appropriate that 
we review and summarize some of the most recently 
evolving technology, which has kept radar in its position 
of vital military importance throughout the period of 
rapidly advancing aircraft and missile performance and 
even into the era of space penetrations. Such asummary, 
of course, provides a sense of gratification to the thou- 
sands of people who created and fostered these techno- 
logical advances. More than that, it creates a point of 
reference from which we can look back on our accom- 
plishments, confirming our knowledge and acquiring the 
courage and stimulation we need to recognize and accept 
new challenges to even greater progress. 

Even the small sample of advanced radar techniques 
covered in this issue makes it clear that a new generation 
of radar has been born. Radar ranges are expressed no 
longer in thousands of yards but in thousands of miles. 
The measurement of range and angular position, for 
years the only information directly obtained by radar, 
is no longer adequate. We must now measure velocities 
and acceleration as well. Not long ago the accuracy of 
range and angular position was measured in hundreds 
of yards and significant fractions of a degree; it must 
now be measured in terms of feet and fractions of an 
angular mil. Shifting of a radar beam’s position in space, 
which for most military applications was_ satisfac- 


tory in degrees per second, must now be in terms of 
degrees per millisecond—sometimes even in degrees per 
microsecond. 

The technology has to do more than meet these strin- 
gent demands for radar performance: Not only must the 
radar determine with great precision where the target 
is and where it is going, but it must describe the target 
for us. Is it round, flat, skinny or fat? Is it rotating or 
stabilized in space? The radar of the future must be 
able to secure all this information when the target is 
incased in an ion plasma, possibly operating in a me- 
dium disturbed by a nuclear explosion, or in the pres- 
ence of several different kinds of radar countermeasures. 

These are the kind of challenges that have faced the 
scientists and engineers who have been developing 
radar technology over the past few years, demanding 
that they pursue new techniques and develop new and 
exciting components. These requirements have brought 
together in a single radar system such sophisticated and 
complex techniques and components as pulse compres- 
sion, maser or parametric amplifiers, pulse Doppler, 
digital data processors and superpower microwave 
generators. They have forced the development and suc- 
cessful application of electronically-scanned radar 
beams, or phased arrays. 

During the 1950’s the application of this fast-moving 
radar technology strikingly resulted in scores of differ- 
ent radar types for many varied military uses. These 
range all the way from a radar that a man can carry on 
his back and use to locate personnel moving in darkness 
or concealed in woods, to ballistic-missile-detecting ra- 
dars whose antennas equal the size of three football 
fields standing on edge, end to end. 

Our scientists and engineers have been eminently suc- 
cessful in supplying the techniques, components, and 
radar systems to satisfy these difficult and diverse oper- 
ational requirements. At the same time, unfortunately, 
they have—perhaps necessarily—brought about a tre- 
mendous increase in complexity and systems cost. It is 
not uncommon, although still shocking, to see a pro- 
posal for a single radar costing a*significant part of a 
billion dollars and calling for tens—even hundreds— 
of thousands of active electronic components. 

I am convinced that, of all the challenges facing the 
future radar designer, the most important, and perliaps 
the most difficult, is a significant reduction in these two 
rapidly skyrocketing factors—cost and complexity. It 
is vital to continued success in the military application 
of radar that we do this. We are ably meeting the fan- 
tastic requirements for advanced radar technology in 
this age of ballistic missiles and space vehicles. But 
these successes will be of little value if we cannot afford 
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to buy as many of the new radars as we need, or if we 
* cannot keep them operating after we have bought them. 
| In the words of Dr. Eugene Fubini, “It is not entirely a 
) question of whether or not a concept is feasible—the 
| question is will it stay ‘feased’?” 

It appears that radar, in the foreseeable future, will 
continue to be a vital and critical component of our 
military capability. The radar designer will encounter 
demands for increasingly greater performance and new 
applications. He must develop and exploit new portions 
of the frequency spectrum between microwave and 
infrared wavelengths. Radarlike devices operating in 
the optical-wavelength region appear important and are 
perhaps not too far away. For space radars, drastically 
reduced size, weight and power consumption, coupled 
with extremely long life and high reliability, will be 
demanded. And there will be requests for radars with 
average radiated powers in the microwave (or milli- 
meter) region of several megawatts. Based on these and 
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other future requirements, problems will confront the 
radar designer that are even more difficult than those 
he has solved during the past decade. 

As the creative technical resources available to carry 
out this work will not be unlimited, it is most important 
that they be used effectively—more effectively than 
ever before. We must develop new techniques and com- 
ponents and prove their feasibility in advance of sys- 
tems development rather than to commit systems en- 
gineering with its tremendous demands on technical 
resources to unproven techniques or “unavailable” com- 
ponents. 

As Guest Editor, and on behalf of the officers and mem- 
bers of PGMIL, I thank the contributors to this issue 
of the TRANSACTIONS, as well as the more than 100 per- 
sons who submitted excellent papers that could not be 
published here because of space limitations. We hope 
that another issue on radar techniques, with a broader 
coverage of the area, can be published soon. 
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The Future of Radar* 


JOHN S. BURGESS}, SENIOR MEMBER, IRE 


Summary—In this paper an attempt is made to forecast the 
direction in which the radar state-of-the-art will aim. The paper will 
begin with a description of a few of the radars of World War I, to 
set the stage for a comparison and evaluation of the various tech- 
niques that have been added. 

Since World War II, various components and techniques develop- 
ments have been designed for our more modern-day radar, and a 
tremendous increase has been realized in capability for handling 
smaller, faster and more distant targets. Particular emphasis is 
placed on the problems of high resolution, discrimination and pattern 
recognition. 

The effect of our entry into the space age on the design of radar 
equipments will be discussed. These new radars must cope with 
problems which are at least an order of magnitude greater than the 
air-breathing threat in all of its aspects. 

The conclusion made is that the phased-array type of radar 
offers the only long-range solution to the complex problems faced 
today by the radar engineer. Its combination of flexibility, limitless 
power, high-frequency capability, electronic scanning, etc., makes it 
the only logical choice for the future. 


T IS advantageous to sit back occasionally and 

examine from where one has come and to where one 

is going in any field of endeavor. When viewed on a 
day-to-day basis, progress may seem interminably slow 
but, when considered over the span of many years, 
the integrating effect of time and effort becomes very 
apparent. Two decades have passed since the perpetra- 
tion of the infamous raid on Pearl Harbor at which time 
a new but untried radar, the AN/SCR-270, displayed 
blips of that impending disaster. It is the intent of this 
article to review in retrospect the tremendous advances 
made in the radar state-of-the-art during the past 
twenty years and to attempt to project into the future 
the directions along which we may find outselves travel- 
ing. Although examples are limited to ground-based 
equipments, the developments described apply equally 
well to other types of radars. The descriptions are gen- 
eral in nature, since detailed reviews are contained else- 
where in this issue and in the literature. 

First, let us review some of the earliest radars. By 
“earliest” I do not mean to go back quite as far as the 
radars depicted by the artists in the Bomac series of ad- 
vertisements, or even as far back as the experimental 
equipments of Sir Watson-Watt. Rather, I refer to 
radars such as the AN/SCR-270, developed by the Sig- 
nal Corps Laboratories and produced by Westinghouse, 
which was one of our first World War II operational 
radars. Fig. 1 shows it in site in the Pacific area, ready 
to give warning of aircraft within a radius of 100 miles. 
It operated in the 100-Mc region with 100 kw of peak- 
power output. Accuracy was limited to about +4 miles 
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Fig. 1—AN/SCR-270. 


in range and to +4 degrees in azimuth. It formed the 
eyes and ears of the earliest electronic command and 
control systems. Its purpose was to give warning of an 
impending attack of enemy aircraft. Such warning was 
relayed through the fairly extensive telephone and 
radio networks that existed throughout the Pacific area 
in conjunction with the “sky watch” program which the 
allies had set up throughout the South Sea Islands. The 
AN/SCR-270 was quite a successful radar for its time, 
and commanders relied upon it to a very great extent. 
For example, at one time the Fifth Air Force Head- 
quarters was located at Brisbane, Australia, near a very 
important supply depot in Townsville to the north. 
Perhaps one of the earliest and most significant suc- 
cesses of the AN/SCR-270 was the warning it gave of an 
eighty-aircraft attack coming in to bomb the supply 
depot. The radar operator for the AN/SCR-270 spotted 
the incoming raid on the outer fringes of the PPI, one 
hundred and fifty miles out. He relayed this informa- 
tion to the fighter control center from which point air- 
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craft were dispatched, and the enemy was engaged 
quite a distance from the supply depot. As a result, not 
one bomb was dropped on the depot nor did one enemy 
plane return from that engagement. In fact, this might 
be representative of the earliest air defense system 
wherein the radar operator read off range and azimuth 
from his display tube and gave this information to a 
plotter sitting at his side; the plotter then calculated the 
position of the target and relayed the data by either 
phone or radio to the fighter control headquarters from 
which point aircraft were dispatched immediately to 
engage the enemy. 

Another group of early radars was the AN/TPS series. 
Shown in Fig. 2 is the AN/TPS-3 lightweight, trans- 
portable, search-and-tracking radar. This set operated 
in the 600-Mce region with a peak power of 200 kw, and 
exhibited a range of 100 miles on a bomber. 

Transportability was an important factor in the de- 
sign of radars for World War II. An extreme example 
of this is the AN/TPS-2 which could be carried by eight 
men, as shown in Fig. 3. Radar logistics presented a 
somewhat simpler problem than is prevalent today. 

The tremendous strides that have been and are be- 
ing made in radar technology are possible only through 
the close cooperation which exists between government 
laboratories as team leaders and the many educational 
and industrial research laboratories. The government 
scientist is responsible for translating present and future 
operational requirements into a meaningful and effec- 
tive basic and applied research program. This involves 
not only the selection of a program from among the many 
ideas submitted, but also the justification and defense 
of this program in an endeavor to obtain a fair share of 
the appropriated funds. He must participate actively 
in an in-house research program so that he can better 
guide and understand the efforts of contractor labora- 
tories. He must cull the fruits of this research program 
and translate them into operational equipments or sys- 
tems, thus providing the military services with an im- 
proved capability. It is this interplay between govern- 
mental and industrial and educational laboratories 
which brought about the technological explosion of the 
last two decades. 

Let us begin with the radar equation shown in (1): 


4 /Pt@@n2F Be 
=K VV a (1) 
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where 


P=Peak power 

7 = Pulse length 
G=Gain of antenna 
= Wavelength 

F = Repetition rate 
o = Echo area 
N=Noise figure. 
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Fig. 2—AN/TPS-3. 


Fig. 3—Man-packed AN/TPS-2. 


It, of course, has many forms, but this is one of the sim- 
pler ones which shows the factors available for increas- 
ing radar effectiveness. This equation is well known and 
is shown here merely to remind the reader of the various 
parameters which can be developed in improving our 
radar performance. The major components of a radar 
system are represented by the factors given in this 
equation. Since many papers in this issue deal specifi- 
cally with the various component developments, this 
subject will not be treated in great detail; rather, em- 
phasis will be placed on where we are on some of the 
major components and on the advancements made in 
this regard during the past few years. 

Consider the subject of power. The only known 
method of generating the necessary power for radar ap- 
plications in the microwave frequency region is through 
microwave tubes. Power output P, from these tubes is 
affected by the factors shown in (2): 


P, & njo22D (2) 
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where 
n = Efficiency 
jo=Current density of cathode 
\ = Operating Wavelength 
D= Dissipation factor. 


The dissipation factor and efficiency are closely re- 
lated but require completely different research ap- 
proaches. As better materials and cooling techniques 
are developed, more heat can be dissipated for the same 
level of efficiency; and, as techniques are developed for 
increasing electronic conversion efficiency, more useful 
power can be obtained. Both of these research ap- 
proaches hold promise of yielding higher-output powers. 
The importance of efficiency is apparent when one 
realizes that, for each unit of power dissipated, one unit 
of useful power is available at 50 per cent efficiency; 
whereas four units of useful power are available at 80 
per cent efficiency and nine are available at 90 per cent. 

As the wavelength of operation is reduced, the size of 
the physical structure decreases, complicating the gen- 
eration of high power by reducing the size of the cathode 
and by reducing available area for dissipation. Conse- 
quently, considerable effort is being applied to cathode 
materials and to techniques for side-stepping the limita- 
tion in size. For example, RCA’s new series of super- 
power tubes uses the approach of a large number of cir- 
cuits operating in parallel. 

In addition to the factors shown in (2), the design of a 
tube is strongly affected by desired gain, bandwidth of 
operation, tunability, average-vs-peak power required, 
etc. It is interesting to note that as yet there are only 
two basic principles available to the designers of micro- 
wave tubes; 7.e., the linear-beam tube and the crossed- 
field tube. 

In the linear-beam interaction, as shown in Fig. 4, 
it can be assumed that by some means the electrons have 
been injected into the tube from a gun at some source 
located to the left of the picture. These electrons are 
bunched and, as they pass through the output cavity of 
a microwave tube, they contain a certain amount of 
kinetic energy which has been derived from the gun 
potentials. If the tube is so designed that the electrons, 
as they pass through the gap, are slowed down by an 
electric field in the gap, the electrons lose energy by 
conversion of kinetic energy to the RF field. When the 
RF field is 180 degrees out of phase, the kinetic energy 
of the electrons is increased; however, then, because of 
the bunching effect, no electrons are in the gap. By the 
time the next bunch of electrons appears, the field has 
reversed itself and is in phase to extract energy from it. 
The actual bunching effect is accomplished by velocity 
modulation of the electrons as they leave the gun area. 
A small RF field, superimposed on the relatively large 
dc voltage, produces the velocity modulation. 

The other type of electronic interaction which occurs 
is in the crossed-field tube, shown in Fig. 5, wherein the 
electron is traveling with a velocity v= E/B perpendicu- 
lar to the lines of the magnetic field and perpendicular 
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to the lines of the electric field. Due to this motion, the 
force on the electron is well known. It is the Lorentz 
force which will give it some curvature in the field. In 
this case, if the impressed RF field is in the proper phase, 
the electron gradually is moved toward the anode of the 
tube. Thus, the electron is losing its potential energy to 
this RF field. Inherently, this is a more efficient type 
of tube because of its capability to convert all of the 
potential energy of the electron into RF energy. The 
electron, of course, still retains some kinetic energy of 
motion across the field, although techniques have been 
developed for including some conversion of this kinetic 
energy to render even higher efficiencies. 

These are the two available techniques for the design 
of tubes, and they have been used by tube engineers for 
many types of tube developments. Combinations and 
variations of these principles have resulted in the avail- 
ability of a wide variety of tube types. In World War I, 
only two types of tubes were available—the space 
charge tubes such as triodes and tetrodes, and the 
brand-new magnetron. The trend in the modern radar, 
for several reasons, is to utilize the master-oscillator- 
power amplifier type of transmitter, primarily because 
it provides a great deal more flexibility for control of the 


Fig. 4—Linear-beam interaction. Conversion from kinetic energy. 


Fig. 5—Conversion from potential energy. 


1961 


pulse shapes, coding, etc. Available peak-power levels 
have increased about an order of magnitude in each 
decade—from 100 kw in 1940 to 1 Mw in 1950 and to 10 
Mw in 1960. 

Going to the other extreme from the high-transmitter 
powers, the state-of-the-art in noise figures will be dis- 
cussed next. During World War II, the noise figure of 
the radar set, in spite of its low-frequency operation, 
was around 15 to 25 db, and normally either crystal or 
triode circuits were employed. We now have added a 
fairly long list of techniques for achieving considerably 
lower-noise figures. Some of these are shown below: 


Noise Figures 


State-of-Art Future 
World War II 15-25 db 
Crystals 8 Jee) 
TWT 6.5 le 
Masers <1 db <1 db 
Parametric amplifier 2 db 0.5 db 
Tunnel diode 3.4 db 2 db 
‘Triodes 9 db 9 db 


Frequency—1250 Mc/Sec 


The crystal noise figure, as well as the triode, has been 
decreased by a considerable amount of engineering. In 
addition, we have traveling-wave tubes, masers, para- 
metric amplifiers, tunnel diodes, and other types of cir- 
cuits which are being devised continually in an effort to 
lower the noise figure of the radar set. The latest issues 
of the IRE PRocEEDINGs are filled with articles on these 
newer approaches. It is not too difficult to show that a 
3-db increase in the radar range is much cheaper if ob- 
tained by lower-noise figures rather than by correspond- 
ing increase in power. 

Two areas where particularly significant accomplish- 
ments have been realized during the past several years 
are the area of antennas and the area of receivers or sig- 
nal processing. Let us first discuss signal processing. 
Eq. (3) shows essentially what initiated the requirement 
for advances in signal processing: 


[ee 32 Jie (3) 
where 
P,= Average power. 


The radar designer has the following dilemma. He 
knows that his range will increase as a function of aver- 
age power proportional to the peak power, pulse width 
and the PRF; so, in order to increase his range, he must 
increase the average power by increasing any one or 
more of these three factors. However, the range resolu- 
tion is inversely proportional to the pulse width. That 
is, better resolution is attained with smaller pulse widths. 
Consequently, increasing the average power by increas- 
ing the pulse width would decrease ability to resolve 
targets in range. In the case of the PRF, to increase the 
range the power pulses must be allowed to go out fur- 
ther and a longer period of time is required for the echo 
to return. Consequently, to increase the maximum 
unambiguous range the PRF must be decreased; so, in- 
creasing the average power by increasing the PREF works 
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against an increase in range. The only recourse then is 
peak power. However, increasing the peak power above 
the 10 to 20 Mw of today introduces many technical 
problems of power breakdown, high voltage, X rays and 
so on. Therefore, the radar designer faces a true dilemma 
in trying to increase his average power by any one of 
these three methods. 

A technique which attempts to overcome this di- 
lemma and which has gained increasing attention during 
the past few years is pulse compression. Fig. 6 shows 
that an impulse or very narrow pulse is passed through 
a phase-distortion filter, the characteristics of which are 
such that the amplitude, as well as the phase, may vary 
with frequency. The result is that a stretched or elon- 
gated pulse appears at the output of the filter. This 
fairly long pulse then is amplified to a fairly high power 
and is transmitted as a long pulse. Consequently, an in- 
crease in the amount of average power or energy per 
pulse can be transmitted at relatively low peak powers. 

Fig. 7 shows that this stretched pulse, as it returns 
from the target, is passed through a matched filter 
which is the inverse of the filter used for the transmitted 
pulse. In this case, the characteristic of the filter is such 
that the phase dependence is the negative of the original 
filter and the amplitude function is the same. The net 
result is a recovery of the original narrow pulse. Some 
residue or sidelobes of this pulse results, in view of the 
fact that the bandwidth of the filter cannot be matched 
perfectly to the shape of the pulse. At any rate, the end 
result is the high-resolution capability of the very nar- 
row pulse. At the same time, a large amount of average 
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Fig. 7—Pulse-compression fundamentals. 3b receiver. 
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power has been transmitted. In this case, however, 
range ambiguities are introduced, in that range residues 
remain within the pulse. This effectively results in the 
same problem as that encountered with sidelobes in an 
antenna in that, if in range one- large target and one 
small target are to be resolved within the same beam- 
width, it is possible that the range residue response may 
be as great as that of the main narrow pulse. 

Pulse-compression ratios in the order of a thousand 
have been achieved and proposed techniques allow a 
compression ratio of several thousand. Notice that the 
design of such a filter provides considerable flexibility. 
While variations in the amplitude function normally are 
not encountered, they can be. The phase function can 
be a linear FM, an alternating of some positive to nega- 
tive phase values, a step function, or anything else 
which is limited only by the ingenuity of the engineer. 

Another approach to the problem of achieving more 
energy on target is the work being done on phased ar- 
rays and modifications thereto. The basic principle in- 
volves feeding power to a large number of individual 
radiators with complete control of phase for each ele- 
ment. The phases can be prescribed so as to. form a 
beam in any direction in space. This negates the real 
high-power problem of transmission lines, power genera- 
tion of tubes, and so on, since a large number of the 
smaller power sources is used and the results are added 
in space to form a very-high-power beam. Another ad- 
vantage of this approach is that, with electronic steering 
of this beam, it is not necessary to scan all of space con- 
tinuously. By programming the beam to known tracks, 
a very efficient track-while-scan operation can be used.. 
Another advantage of the phased array is that it can be 
flush-mounted and therefore given a fair degree of hard- 
ening. By combining phased arrays with Luneberg 
lenses or with frequency scanning of one sort or another, 
a great degree of flexibility can be designed into this 
type of radar. 

The pincushion technique is another recent suggestion 
for a method of concentrating a large amount of power 
in a small beam. By this means, the wide aperture of a 
low-frequency radar is used at very high frequencies, to 
the extent that a large number of very narrow beams 
covers the same space as that covered by an equivalent 
single beam of a low frequency. In addition to placing 
more power on a target, this gives the added advantage 
of much higher resolution, both angular and velocity. 

Also involved in the resolution problem is an attempt 
to reduce the effects of sidelobes in antenna character- 
istics. Hughes Aircraft Corporation recently completed 
an analysis of the possibility of modulating in time the 
aperture of a linear array or reflecting antenna. Such a 
modulation of phase and amplitude of the aperture il- 
lumination, as well as aperture size, has been considered, 
and it has been shown that a reduction in sidelobes in 
the order of 10 db can result. It may be possible to opti- 
mize such methods of modulation to reduce to an abso- 
lute minimum the sidelobes of a given antenna over a 
reasonably wide band. 
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Terminology such as “superesolution,” “synthetic 
spectrum,” “synthetic aperture,” and so on, has re- 
cently come into vogue. These terms are applied to 
attempts made to obtain more energy on target without 
loss in resolution or position accuracy, and consist of 
either playing with the type of pulse which is trans- 
mitted, playing with the method of beam formation, or 
tinkering with the received signal. 

A typical group of radars, known as the “frequency 
diversity” radars, is very close to field use. Although the 
detailed characteristics of these radars cannot be de- 
scribed, pictures can be shown and comparison can be 
made with the World War II radars. Fig. 8 shows the 
AN/FPS-35 radar designed by Sperry Gyroscope Com- 
pany. Notice the more permanent type of structure that 
is used for the air defense radar of today. The antenna 
structure requires a five-story building to house the 
necessary components that make up the system. Fig. 9 
shows a radar which does not even look like a conven- 
tional type. This uses the corporate structure antenna 
in which the power is divided and subdivided into a 
large number of individual waveguide feeds. It is the 
AN/FPS-28, manufactured by Raytheon. 

In the early part of this discussion, reference was 
made to the pincushion technique. Fig. 10 shows an 
artist’s sketch of a radar which is being built by Ray- 
theon under ARPA sponsorship. Notice that casse- 
grainian optics are used for this system and the trans- 
mitter will sit right up on the antenna pedestal, rotating 
with the antenna structure. 

So far, the modern radar has dealt with the problem 
of detection of aircraft. With the space age upon us, the 
radar now has the additional task of detecting and 
tracking long-range missiles, satellites and other space- 
craft. Note that the term “radar” is used. This is be- 
cause, to date, no brainstorms provided other means of 
meeting our present-day requirements if noncooperative 
targets are to be included. For this function, it might 
very well be expected that the shape of a radar must 
differ considerably, and so it does. Fig. 11 shows an 
experimental detection and tracking radar site installed 
by the Rome Air Development Center on the Island of 
Trinidad. This radar can look at long range missiles 
fired from the Atlantic Missile Range downrange toward 
Ascension Island. It also is in a strategic position to ob- 
serve most of the satellites which are being placed in 
orbit and, in fact, is one of the important inputs into the 
National Space Surveillance Control Center of the 
Hanscom Complex. 

The size of the required structure is necessarily fixed 
with respect to the ground so that limited scanning can 
be accomplished, and the antenna is pointed in the gen- 
eral direction in which a target might be expected. A 
series of sheet beams are placed into space where they 
narrow-beam-scan on each sheet. By this means, a 
target which penetrates one sheet can be detected, and 
its time of arrival to the next sheet gives sufficient in- 
formation to determine trajectories and velocities. The 
information from this warning radar which has a range 
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Fig. 8—AN/FPS-35. 


Fig. 9—AN/FPS-28. 


of about 2000 miles is then used to slew the long range 
scanner onto the target, so that refined range and trajec- 
tory data can be obtained. In order to cover a fairly 
wide range of territory, a chain of such radars must be 
developed, as is the case in the BMEWS system which 
recently has received much publicity. These radars, 
although quite different from the radars which were 
described for the airbreathing case, do have a few things 
in common with the old, obsolete radars. 

In general, the radars described herein have fairly 
discrete and separable functions. The design and devel- 
opment of the transmitter is accomplished to provide 
the proper pulse modulation and power output. The 
antenna structure which is responsible for formation of 
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Fig. 10—Pincushion-tracking radar. 


Fig. 11—RADC experimental radar at Trinidad. 


the beam, transmission of that beam out to the target 
and reception of the echoed energy must be considered. 
Another matter of consideration is the receiver system 
which analyzes the energy received from the target to 
determine as much as possible about the target. The 
last item to be considered is the data processing system 
which works on this data to calculate trajectories, posi- 
tion or characteristics of the target, or to perform inter- 
cepts, tracking and so on. In these individual fields, ex- 
perts are hired who work more or less independently of 
one another, coordinating their efforts under a radar 
systems engineer to perform the engineering of a com- 
plete radar system. With the developments that have 
been taking place rapidly within the past few years, 
this procedure is fast becoming obsolete. As a matter 
of fact, with the advent of the phased array, managers 
at Rome Air Development Center were uncertain as to 
whether the development should be assigned to their 
antenna people, to their signal-processing and receiver 
people, or even to their data-processing people who 
would be responsible for working out some sort of a 
programmer for positioning of the beam. These func- 
tions are of equal importance in their contributions to 
the success of the phased array. The same is true when 
pulse-compression techniques are considered. The trans- 
mitter and the receiver must be designed as an integral 
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part so that the inverse functions can be performed 
properly both on transmit and receive in order to make 
maximum use of the information which may be available. 

The important point is that some straightforward 
thought must be given to just what must be accom- 
plished. The early radar problem was primarily a three- 
dimensional one; what is the range, the 
azimuth and height of targets of interest? The resolu- 
tion problem was primarily a Rayleigh resolution in 
that the essential requirement was the separation of two 
targets of equal amplitudes. Today the problem is much 
different. It is an n-dimensional problem, in that not 
only range is desired, but also range rate. Not only 
azimuth is desired, but also azimuth rate. In order to 
obtain velocity vectors, Doppler shifts are desired. Also 
sought is resolution or some means of overcoming the 
resolution ambiguities that occur not only in amplitude 
but also in time and in frequency. We must know more 
than just the separation of targets of equal amplitude. 
These may be considerably unequal in amplitude but 
separating them is not sufficient as, for example, in the 
case of a nose cone and the decoy. They might be equal 
in amplitude, but the question remains—which one is 
the nose cone, which one has the Toni? Signature effects 
and threat evaluation are major parts of the problem 
of detection and warning. Therefore, the design of the 
future radar will have to be accomplished by: the “sys- 
stems engineer.” He will be required to have a clear out- 
look as to the over-all problem to be solved in order that 
he can integrate the various types of functions that must 
be performed and the proper types of pulse shape that 
suit his particular problem. Many possible shapes of 
pulses can be used in present radars. It very well may 
depend upon the specific problem to be solved and, even 
then, there may not be an optimum for that problem. 
Therefore, looking into the crystal ball, it is seen that 
techniques are available today, modern techniques, 
which threaten to completely change the radar as a 
system. 

When one examines very carefully the future environ- 
ment of radar and considers the ranges of operation, the 
power levels required, the resolution desired and the 
flexibility which is necessary, one is tempted to prophesy 
as to the type of radar which best meets these require- 
ments. It is concluded that the future radar must be 
designed around the principles of an electronically 
steerable phased array. Interestingly enough, the old 
AN/SCR-270 was a phased array which was not elec- 
tronically steerable, since the phases of the elements 
were fixed. 

One of the very latest experimental radars to go on 
the air is an electronically steerable array, shown in Fig. 
12. It was designed and built by the Bendix Corpora- 
tion under Air Force and ARPA sponsorship to work 
out some of the technical difficulties in the design of 
such a radar. 

The phased-array radar is the only new technique 
which offers extreme flexibility, long-range operation 
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Fig. 12—Phased-array radar. 


(out to ranges, beyond which means other than radar 
must be developed for economical reasons), very high 
power capability (without the usual problems associated 
with the generation and transmission of high power from 
single sources), and, very important, a high-reliability 
factor. The only negative factor of the phased-array 
radar is its expense; however, production techniques 
should eventually be able to reduce the cost consider- 
ably. 

In conclusion, four thoughts are presented for con- 
sideration. First, the design of a radar is no longer a 
three-dimensional system; it is now an a-dimensional 
problem wherein as high as eight or more of these vari- 
ous dimensions must be obtained. Discrimination, res- 
olution and signature effects are gaining in relative 
importance as the missile and space age is entered. 
Secondly, the approach to radar design must be changed 
to take into consideration the importance. of these n- 
dimensions to the mission of the radar. It no longer will 
be possible to segregate parts of a radar for specific 
design and specialization, since the various aspects of 
the design of a radar are too closely interrelated. 
Thirdly, the frequency and power-level requirements 
are rising higher and higher; in frequency—even to the 
infrared, optical and ultraviolet. Several proposals re- 
cently have been presented for the development of an 
optical radar, particularly since the introduction of the 
laser. The need for increased frequency and power was 
presented when surveillance became a space problem, 
requiring very large distances as well as a capability 
for moving structures off the surface of the earth. Lastly, 
the brute-force approach in the design and development 
of the World War II radar—that‘is, to be bigger and 
better but more of the same—is no longer sufficient to 
accomplish the job which is required. It is believed that 
the approach of electronically steerable phased arrays 
is the only technique available today which promises 
the flexibility and capability of coping with the new 
space age environment. 

Several technical approaches toward the solution of 
some of these problems have been pointed out. Many 
more are being studied in our various laboratories. 
Many more will be required if the military structure of 
the country is to keep ahead in this technological race. 
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High-Power Traveling-Wave Tubes for Radar Systems* 


J. A. RUETZ}, memper, ire AND W. H. YOCOM, mMeMBER, IRE 


Summary—Data obtained on high-power traveling-wave tubes 
at S and C band indicate performance suitable for the final 
amplifier in a wide bandwidth phase coherent radar transmitter. 
Static phase measurements demonstrate the capability of parallel 
operation of tubes and the feasibility of use in pulse compression 
systems. Gain and power output data show that for the most efficient 
operation a programmed drive is needed. Data taken at constant 
drive power displays a compressed gain variation and a somewhat 
lower output. An extrapolation of present data indicates the feasi- 
bility of obtaining 25- to 30-per cent bandwidth in high-power 
traveling-wave tubes with other improved characteristics. 


INTRODUCTION 


HE ADVENT of the high-power klystron am- 
Be sine: made possible a new concept in the design of 

radar systems—that of phase coherence. The 
traveling-wave tube (TWT) advances the possibilities 
in radar design by providing bandwidth not previously 
available in high-power tubes, while maintaining many 
of the advantageous characteristics of the klystron 
amplifier. The bandwidth capability of the TWT is 
unsurpassed by other present day amplifying devices 
and hence should be of paramount interest to the 
modern-day radar-systems engineer. 

This paper specifically discusses the characteristics 
of two similar high-power TWT’s designed to operate 
in the S and C radar bands. In addition some back- 
ground information is presented explaining the opera- 
tion and performance related to that of the high-power 
klystron amplifier. It is assumed that the reader is 
familiar with the performance and operation of the 
klystron. 

The characteristics of the tubes that are discussed are 
typical of what might be expected of the performance 
and operation of high-power TWT’s in general. It is 
possible however to design for special characteristics. 
The influence of some of the design factors on perform- 
ance is presented. 


DESCRIPTION OF THE HIGH-POWER TRAVELING- 
WAVE TUBE 


The TWT designed to operate at the megawatt power 
level can be compared best, perhaps, with the high- 
power klystron in its behavior and operation. The TWT 
uses similar or identical designs for the electron gun, 
focusing magnetic field, collector and windows. The 
interaction circuit however is quite different from the 
klystron circuit and accounts for the basic differences 
between the TWT and klystron. 


* Received by the PGMIL, January 19, 1961. The work on the 
VA-126 was sponsored by the Air Force under contract from the 
Rome Air Dev. Center, Contract No. AF 30(602)-1774. 

+ Varian Associates, Palo Alto, Calif. 


Since the formation of the electron beam, the focusing 
of the beam and its collection are very similar in the 
TWT and the high-power klystron, it is also to be ex- 
pected that the operating characteristics of the TWT 
and klystron would be very similar in this regard. It is 
true therefore that the characteristics of the modulator 
and associated power supplies are quite similar for the 
two types of tubes; any differences being a consequence 
of the specifications on RF performance. 

The interaction circuit generally utilized for the high- 
power TWT is of the coupled-cavity type.! Coupled 
cavities comprise a periodic system giving rise to prop- 
agating bands (pass bands) and nonpropagating bands 
(stop bands). Operation of the TWT is accomplished at 
frequencies inside a propagating region of the coupled- 
cavity system. Energy is transmitted along the struc- 
ture, and in the absence of the electron beam, is essen- 
tially unchanged in amplitude. 

The cavities of the klystron amplifier are uncoupled 
except by the electron beam and, hence, the electron 
beam provides the phase relationships between cavities. 
For the TWT, however, the fields coupled between cavi- 
ties by the electron beam add to the fields coupled by 
the cavity-coupling mechanism. The phasing of the 
total fields between cavities is therefore determined by 
the combination of the electron beam and the cavity- 
coupling mechanism. It follows that the TWT will be 
less susceptible to phase modulation than a similar 
klystron of equal phase length. 

As would be expected from the preceding argument, 
gain is obtained in the TWT when the fields coupled by 
the cavity-coupling mechanism add approximately in 
phase with the fields coupled by the electron beam. It is 
anticipated that the TWT will be more sensitive in gain 
to changes in beam voltage than the klystron amplifier. 

The gain mechanism is seen to involve a phasing 
characteristic between the wave propagating on the in- 
teraction circuit and the electron beam. In addition the 
magnitude of the coupling between circuit and beam 
is a function of the circuit fields causing motion of the 
electrons in the electron beam. These two factors in com- 
bination with the physical characteristics of the elec- 
tron beam determine the RF characteristics of the TWT. 

Proper design of the microwave interaction circuit 
involves obtaining the proper phasing between cavities 
as a function of frequency while maintaining a high 


1 A survey article presenting some of the various forms of coupled 
cavity circuits is E. J. Nalos, “Present state of art in high power 
traveling-wave tubes,” Microwave J., vol. 2, pp. 31-38; December, 
1959. 
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value for the circuit interaction fields. Several designs?“ 
have been used, each with a particular advantage. 

The coupled-cavity circuit utilized for the VA-125 
and VA-126 is the so-called cloverleaf circuit.* The cir- 
cuit gets its name from the shape of the cavity. (See 
Fig. 1.) The coupling between cavities is obtained by 
means of slots in the cavity walls. The cloverleaf shape 
combined with the position of the coupling slots results 
in an increasing phase shift with frequency. This char- 
acteristic is of the type needed for a forward wave am- 
plifier. 
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Fig. 1—The cloverleaf coupled cavity circuit used in the VA-125 


and VA-126. The circuit shown is designed for the VA-126. 


The propagating nature of the TWT interaction cir- 
cuit makes it possible for energy reflected at the tube 
output to propagate back to the input. A reflection at 
the input will in turn mix the returned signal with the 
input signal and thus affect the phase and amplitude of 
the amplified signal. The magnitude of the phase and 
amplitude variations are dependent upon: 1) the magni- 
tude and phase of the reflections present at the input 
and output of the device, 2) the phase length between 
reflections and, 3) the gain of the TWT. 

In the design of TWT’s it is customary to terminate 
the interaction circuit in one or more locations, thus 
lowering the necessary net gain between terminations. 
In this manner, it is possible to isolate input from output 
and reduce the effect of variations in load upon the gain 
and phase of the amplifier. The effect of the multiple 
reflections in the TWT gives rise to ripples in the small- 
signal gain and phase as a function of frequency. The 
gain ripple will be compressed if the tube is operated 
near saturation. However, the phase ripple will not be 
compressed and may even be increased. It is possible to 
improve the small-signal gain and phase ripple by im- 


2M. Chodorow, E. J. Nalos, S. P. Otsuka, and R. H. Pantell, 
“The design and characteristics of a megawatt space-harmonic 
TWT,” IRE Trans. oN ELectron Devices, vol. ED-6, pp. 48-53; 
January, 1959. 

3M. Chodorow and R. A. Craig, “Some new circuits for high 
power TW tubes,” Proc. IRE, vol. 45, pp. 1106-1118; August, 
1957. 
4M. A. Allen, “Coupling of Multiple Cavity Systems,” Micro- 
wave Lab., Stanford University, Stanford, Calif., Rept. No. 584; 
April, 1959. 
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proving the terminations. Since these variations are a 
function of the product of two reflections, it is possible to 
obtain low values of ripple by lowering the reflected 
power from either or both circuit terminations to near 
zero. 

The output interaction circuit fora TWT is in general 
quite similar to the input section of the circuit; 7.e., the 
circuit is periodic. For high-power TWT’s, it has been 
found advantageous to lower the phase velocity near the 
output to obtain increased efficiency.® This so-called 
“velocity tapering” increases the efficiency by creating 
better phasing conditions between the beam and circuit 
fields near the tube output. Resorting to nonperiodic 
interaction circuits increases the possibilities in TWT 
design and might be compared to “stagger tuning” used 
for broad-banded klystron amplifiers. 

The foregoing qualitative description of the TWT is 
presented to give the reader some insight into the ex- 
ternal factors involved in the performance of the high- 
power TWT. For a more complete and quantitative 
description, the reader is referred to the literature.°’ 


DESCRIPTION OF THE VA-125 AND VA-126 


The VA-125 and VA-126 are designed to operate in 
the S and C radar bands. The VA-125 is made in 
two models—the VA-125A covers the band 2.60 to 2.95 
kMc and the VA-125B covers the band 2.90 to 3.25 
kMc. The VA-126 is constructed to operate in the 
5.4- to 5.9-k Mc band. Both tube types use the cloverleaf 
interaction circuit shown in Fig. 1. 

A schematic cutaway view of the VA-125 is shown in 
Fig. 2. The electron beam is formed froma modified 
Pierce-type convergent gun. The electrons pass through 
the anode and traverse the interaction circuit to the 
collector. The beam is focused by a magnetic field that is 
uniform in the interaction region. The collector is 
shielded from the magnetic field and therefore the beam 
is spread radially before collection. 

The input signal is introduced on the interaction 
circuit through the input coaxial window and input 
coupling transition. The signal is coupled from cavity to 
cavity, and propagates along the circuit. The interaction 
between the electron beam and the circuit fields causes 
the RF energy to experience an exponential increase 
with distance along the circuit. 

The termination near the center of the interaction 
circuit absorbs the energy present on the input circuit. 
The signal is carried across the termination space by the 
electron beam and is reintroduced on the output inter- 
action circuit. The output circuit is also terminated at 


5 J. A. Ruetz, D. Robinson, and J. Pavkovich, “The Effect of Ta- 
pered Circuits on Efficiency for High Power Traveling Wave Tubes,” 
EaDes presented at PGED Meeting, Washington, D. C.; October, 

6 J. R. Pierce, “Traveling-Wave Tubes,” D. Van Nostrand Co., 
Inc., New York, N. Y.; 1950. 

_ ™W.R. Beam, D. J. Blattner, “Phase angle distortion in travel- 
ing-wave tubes,” RCA Rev. vol. 17, pp. 86-99; March, 1956. 
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the center of the tube to minimize the effect of reflec- 
tions at the tube output. 

The signal present on the interaction circuit at the 
output of the tube is coupled into a reduced height 
waveguide. The waveguide is tapered into standard 
waveguide size through which the energy is transmitted 
into the load. The VA-126 is similar to the VA-125 
except for a difference in circuit dimensions. The circuit 
is also liquid cooled in the VA-126 which is necessitated 
by the increase in power density. 

The type of beam focusing used in the VA-125 and 
VA-126 requires higher magnetic fields than the theoret- 
ical minimum to maintain parallel flow. The increase in 
field required for immersed flow is compensated for by 
the decrease in sensitivity of the RF performance to 
changes in magnetic field. 
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Fig. 2—A cutaway view of the VA-125 showing the internal con- 
struction of the tube. 


GAIN AND POWER OUTPUT CHARACTERISTICS 
OF THE VA-125 AND VA-126 


Gain occurs in the TWT when the fields coupled be- 
tween cavities by the cavity-coupling mechanism add 
approximately in phase with the fields coupled by the 
electron beam. A diagram showing the phase shift per 
cavity vs frequency for the cloverleaf circuit, as used in 
the VA-125A, is shown in Fig. 3 (next page). A line 
drawn from the origin at a constant slope on this dia- 
gram represents a constant velocity and indicates the 
coupling phase for the electron beam. This type of 
diagram can therefore be used to indicate synchronism 
or in-phase coupling between the beam and circuit fields. 

The constant velocity line drawn in Fig. 3 is shown at 
a velocity corresponding to the rated beam voltage of 
the VA-125. A beam voltage lower than the rated beam 
voltage would correspond to a velocity line of less slope 
than that shown, while a higher voltage would have a 
velocity line of increased slope. It is seen that these con- 
ditions will cause the gain characteristic to be shifted 
toward the high-frequency end of the band for lower 
than rated voltage and toward lower frequencies for 


Ruetz: High-Power Traveling-Wave Tubes for Radar Systems 41 


higher voltages. This behavior is generally true for all 
TWT amplifiers. 

Typical saturation gain curves are shown in Fig. 4 for 
the VA-125A and Fig. 5 for the VA-126. The gain is seen 
to vary approximately 10 db over the band, and has the 
predicted response as a function of beam voltage. 

A typical saturation gain curve for the VA-125A 
showing the fine structure is given in Fig. 6. The peak- 
to-peak amplitude ripple is seen to be approximately 3.5 
db from a smooth curve. The ripple is also shown to 
comprise approximately 34 cycles across the frequency 
band. The data for the VA-125B and the VA-126 are 
similar to this. For the VA-126, 23 cycles of gain ripple 
are measured for the frequency band 5.4 to 5.9 kMc. 
This value for the number of cycles of ripple agree with 
calculation assuming multiple reflections between the 
input of the interaction circuit and the circuit termina- 
tion, and also between the circuit output and the circuit 
termination. Mismatches of the load would increase the 
number of cycles and also change the ripple amplitude. 

No attempt has been made to flatten the gain varia- 
tion with frequency. This can be accomplished in several 
ways and will be discussed in a later section. 

Typical saturated output power data for the VA-125A 
and VA-126 are presented in Figs. 7 and 8. This data is 
taken with drive power adjusted for maximum output. 
The power output is seen to peak toward the lower 
frequencies as the beam voltage is increased. The maxi- 
mum efficiency is nearly unaffected by beam voltage. 

The gain and peak power output data indicates 
acceptable performance for a radar operating at a fixed 
frequency or for a radar for which drive power can be 
adjusted. For constant drive operation a decrease in 
power output must be accepted at some frequencies. 
Data taken on the VA-125B for constant drive power is 
shown in Fig. 9. The reason for the measured decrease in 
peak power output under these conditions is that the 
frequency region giving the highest peak power output 
also has the highest gain. To obtain maximum frequency 
coverage, the tube must be driven past saturation in the 
band center which decreases the power output. The tube 
is generally underdriven at the edges of the band and 
hence less power is also obtained at these frequencies. 

The efficiency calculated from the data presented in 
Figs. 7 and 8 results in a maximum value of 40 per cent 
obtained on the VA-125 and greater than 35 per cent on 
the VA-126. These values of efficiency exceed those 
obtained from broad-band klystrons of comparable 
bandwidth and power level. The TWT has not attained 
the efficiency of the narrower bandwidth klystrons 
however. 

Average powers of 7.5 kw have been obtained for both 
the VA-125 and VA-126. The average power levels have 
been limited by the power handling capability of the 
internal termination. The eventual limitation on 
average power level is expected to be similar to the 
klystron. 
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Fig. 3—Phase shift per cavity vs frequency for the cloverleaf circuit 
used in the VA-125A. 
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Fig. 7—Typical saturated power output for the VA-125A. 
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Fig. 4—Typical saturation gain curves for the VA-125A. The ripples 
in the gain curves are not shown. 


Fig. 6—Saturated gain vs frequency showing the typical fine grain 
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Fig. 8—Typical saturated power output for the VA-126. 
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Fig. 9—Typical peak power output for the VA-125B. The data is 
taken under constant drive power conditions. 


1961 


PHASE CHARACTERISTICS OF H1GH-PoWER TWT’s 


The phase characteristics of the final amplifier are of 
paramount importance in the design of modern radar 
systems. Phase deviation from linearity, phase sensi- 
tivity to beam parameters, and phase variation with 
drive power are the factors of most interest. 

Deviations from linear phase were suggested previ- 
ously as occurring because of multiple reflections between 
sections of the interaction circuit. Since the interaction 
circuit is coupled to the load, mismatches in the load can 
also cause reflections which in conjunction with the 
internal termination of the circuit will affect the gain 
and phase response of the TWT. Again it should be 
noted that a perfect internal termination will eliminate 
effects of the load on the gain and phase response of the 
amplifier. 

A second effect on phase linearity is caused by varia- 
tions in input drive with frequency or similarily a 
variation in gain of the amplifier for constant drive 
power. As energy is extracted from the beam, the net 
velocity of the electrons is reduced and hence phase 
changes can occur. The magnitude of this phase change 
will be dependent upon the strength of the interaction 
fields and upon the parameters of the beam. 

Data on phase deviation as a function of input power 
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Fig. 10—Phase deviation as a function of 
drive power for the VA-125B. 
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level taken from static measurements on the VA-125B 
are shown in Fig. 10. It is seen that a maximum phase 
deviation of 30° is measured as a result of a 20-db change 
in input power. 

Phase deviation from linearity data as a function of 
frequency taken on the VA-125B under constant drive 
power conditions are plotted in Fig. 11. A sample of 
input power and output power were compared by means 
of a phase bridge in making these measurements. The 
power input was adjusted to be constant over the fre- 
quency band. A repeat of the phase linearity measure- 
ments gave results essentially the same as those shown. 
Due to the many variables involved in this measurement 
however it was not possible to reproduce the data to any 
great accuracy. 

Approximately the same number of ripples are present 
on the phase linearity characteristic as was obtained 
from the measurement for gain. The gain variation 
across the tube bandwidth is probably the reason for the 
negative phase deviation at the edges of the band. 

Measurements on phase sensitivity to beam voltage 
are given in Fig. 12, also taken on the VA-125B. These 
data are shown as a function of beam voltage with 
frequency as a parameter. The variation of an equiva- 
lent phase length klystron is approximately twice the 
measured value for the TWT. 
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Tig. 11—Deviation from phase linearity for the VA-125B. Input 
power is constant at 1 kw. 
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Fig. 12—Phase sensitivity vs beam voltage for the VA-125B. Input 
power is constant for maximum power output at 120-kv beam 


voltage. 
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NONLINEAR EFFECTS IN H1iGH-PowER TWT’s 


Like other power amplifiers the TWT operates at 
maximum efficiency in a nonlinear region. The non- 
linearity of the TWT is similar to that of the klystron in 
that the highly bunched beam contains harmonics of the 
fundamental frequency. This harmonic beam power 
does not in general interact strongly with the circuit 
fields in the high-power TWT. However some energy 1s 
coupled into the output waveguide. A similar effect 
exists also for the klystron amplifier, energy being 
coupled into the output cavity at harmonic frequencies. 

A second nonlinear effect of interest is the mixing that 
occurs when the TWT amplifier is driven by two or more 
input signals. The signals of interest in this type of 
operation are those near the frequency band being 
amplified. These signals are generated as a result of 
mixing between the fundamental and harmonics of one 
signal with harmonics of another signal. Likewise the 
fundamental and harmonics of the second signa! mix 
with the harmonics of the first signal. 

A third nonlinear effect is the compression that occurs 
to one signal as a second signal is increased in amplitude. 
In general, as compression occurs, mixing builds up and 
other signals become noticed in the amplifier output. 

The measurement of nonlinearities including those of 
harmonic output is not easily made. To make harmonic 
measurements at the output of the TWT, it is necessary 
to measure each mode of propagation in the output 
waveguide. It is possible to simplify these measurements 
somewhat by investigating the output system of the 
amplifier. It was stated earlier that the output guide for 
the VA-125 and VA-126 was of reduced height. The 
height used in these tubes is such that only two modes 
can propagate at the second harmonic frequency. In 
addition the symmetry of the coupling mechanism 
assures that only one of these modes is excited. If the 
waveguide system is uniform and transfer of energy 
between modes does not occur, then this one mode only 
need be measured. The mode of course that remains is 
the TE. mode. 

The results of the second harmonic measurements are 
presented in Table I and are seen to verify the above 
statement. The measurement of power in the TMy 
mode at 5.40 kMc appears to be the major exception to 
the statement that the second harmonic power propa- 
gates only in the TE) mode. However this can be ex- 
plained by the possibility of a small error in the calibra- 
tion of the probes which is enough to misidentify the 
TMnu mode. 

Measurement of third harmonic power for any of 
these tubes has not been made. This measurement is 
more complicated than the second harmonic measure- 
ment and is generally of less interest. Measurements of 
second harmonic power present in the output of the 
VA-125B and VA-126 have also not been made. How- 
ever it is expected that the results would be similar to 
those obtained on the VA-125A. 
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The variation of second harmonic power with fre- 
quency is possibly explained by coupling occurring 
between the second harmonic currents in the electron 
beam with higher frequency modes in the cloverleaf 
circuit. A mode exists at the second harmonic frequency 
that does synchronize with the beam near the frequency 
region having the largest amount of second harmonic 
power. More measurements are needed for verification 
of this effect. 

Measurement of cross-modulation effects is also 
difficult to perform. A correct method for this measure- 
ment involves using an input signal having a broad noise 
spectrum with a channel or slot missing in the band. The 
measurement then involves measuring the noise ampli- 
tude in the slot as a function of noise amplitude over the 
remainder of the band. 

No measurements have been made of cross-modula- 
tion effects in high power TWT’s. A measurement had 
been planned which involved driving the high-power 
TWT at two frequencies simultaneously. A measure- 
ment of the output spectrum would then give an indica- 
tion of cross-modulation effects. The difficulties involved 
in measuring relative amplitudes of pulsed spectrums 
combined with the cross-modulation power existing at 
the output of the driver chain made this measurement 
unfeasible. 


TABLE I 
SEcOoND HARMONIC POWER FOR THE VA-125A* 


Frequency Frequency Frequency 
5400 Mc 5600 Mc 5700 Mc 
Mode Power Below Power Below Power Below 
Funda'rental | FKundamental | Fundamental 
(db) (db) (db) 
TEjo 29.2 26.8 39-2 
PE29 36.1 50.0 40.5 
TEo 58.0 x 64.6 
PExy 36.4 49.8 61.8 
TMu HN 44.5 57.0 
Potal 20.7 26.6 SOni 


the fundamental frequency. 


FUTURE DEVELOPMENTS IN HIGH-POWER TWT’s 


The results obtained on high-power TWT’s are seen to 
fulfill some of the characteristics needed for radar ap- 
plications. Several of these characteristics can be im- 
proved by proper design. Some, however, are character- 
istic of the traveling-wave tube interaction process and 
not subject to control. Characteristics not controllable 
are the phase sensitivity of the amplified signal to beam- 
voltage changes and the variation of phase shift with 
input drive level. Characteristics such as gain and phase 
ripples measured on the VA-125 can be minimized since 
they are caused by imperfect terminations of the inter- 
action circuit. 


The present highly efficient performance has been 
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obtained for the VA-125 and VA-126 by utilizing a 
tapered velocity of the interaction circuit near the tube 
output. The shape of the gain curve can also be con- 
trolled by proper selection of the circuit velocity along 
the total length of the interaction circuit. Since the 
circuit is terminated at the center, improvement in gain 
response can also be obtained by peaking the gain of the 
input section to a frequency removed from the peaked 
response of the output circuit. The utilization of these 
and similar measures would obtain maximum. band- 
width of tubes utilizing any given interaction circuit. 
Increased bandwidth would be obtained by using an 
interaction circuit with greater cold bandwidth. Designs 
exist for circuits having a greater bandwidth than the 
cloverleaf circuit. The utilization of these will be made 
when the system requirements justify their use. Band- 
widths of 25 to 30 per cent should be feasible. 

It is expected that efforts will be made to increase the 
efficiency of high-power TWT’s beyond that measured to 
date. Use of a depressed collector should help toward 
this end. The use of a depressed collector has disadvan- 
tages, however, in increasing the complexity of the 
modulator and of the tube itself. In addition the phase 
characteristics can be greatly altered if electrons are 
allowed to return to the interaction space. This latter 
effect is a function of proper design and could be con- 
trolled to any extent needed for a system design. Effi- 
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ciencies greater than 60 per cent should be realizable with 
little degradation in RF performance. 

Other factors, such as harmonic output and cross- 
modulation effects, would need further measurement and 
study to ascertain methods of control. The design of the 
interaction circuit can be made to lower the coupling of 
the beam at harmonic frequencies which should lower 
harmonic- and cross-modulation output. 

The average power capability of the VA-125 and 
VA-126 is not expected to be a limiting factor in this 
type of high-power TWT. It is possible to replace the 
internal termination used in these tubes with external 
ones which are connected to the interaction circuit 
through matching waveguides. The external termina- 
tions can then be designed to handle the total amount of 
power transmittable through the waveguide system. 
Other factors will of course eventually limit the average 
power obtainable at any one frequency band. These 
limitations are the same as those which eventually will 
limit the average output power of other similar beam 
devices. 
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Automatic Frequency Control of Magnetrons* 


AUSTIN R. SISSONT, SENIOR MEMBER, IRE 


Summary—A practical AFC system for both X-band and Ku-band 
magnetron radar transmitters has been developed. This system 
meets the needs of three radar systems currently in production. 
Frequency stabilization is accomplished by electronically controlling 
the magnetron load impedance. Therefore, the magnetron “pulling 
figure” is put to use. 

The closed loop AFC system maintains frequency stability to 
better than +2 Mc at Ku-band and +1.5 Mc at X-band frequencies 
over wide environmental conditions. The system dynamically com- 
pensates for deviations in frequency due to temperature, vibration, 
shock, changes in duty cycle, drift with life, and poor voltage regula- 
tion. The response time of the AFC system is such that, starting at 
the limits of the capture range, “on frequency” response is obtained 
within the first five pulses of the magnetron. One of the radar sys- 
tems requires a considerable delay between groups of pulses. For this 
radar, the AFC system provides a memory to hold the conditions for 
“on frequency” response during the delay periods. 


* Received by the PGMIL, January 17, 1961. 
+ The Bendix Corp., Bendix-Pacific Div., North Hollywood, 
Calif. 


A qualitative analysis of the closed-loop system is made with 
reference to the Rieke Diagram. It is shown how a single magnetron 
has been used to meet two different sets of system performance 
requirements. 

System operation and hardware are discussed with reference to 
practical difficulties. 


INTRODUCTION 


UMEROUS applications exist for a small-size 
lightweight transmitter with its output fre- 


quency stabilized to close tolerances. Previous 
work has been done using such techniques as mechanical 
servo, stalo cavities, and the control of system parame- 
ters which affect the frequency, such as temperature and 
tube input voltages. In general, these techniques have 
shortcomings in the areas of size and weight, and/or 
accuracies, and response time. The rapid growth of the 
art in microwave ferrite devices has opened up new 
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avenues for automatic frequency control in the micro- 
wave area. A practical AFC system using a ferrite 
device has been developed for use with both X- and 
Ku-band magnetrons. This AFC system is used in three 
airborne radar systems now in relatively large quantity 
production. 

The block diagram of Fig. 1 shows the major compo- 
nents of the system. These elements include a magne- 
tron with a large pulling figure, an electronically con- 
trolled ferrite phase shifter, a slide screw tuner, a micro- 
wave frequency discriminator, and a servo amplifier. 
Basically, AFC action is accomplished by operating the 
magnetron into a fixed VSWR with a controlled phase. 


SLIDE SCREW 
MAGNETRON FERRITE FREQUENCY 
PHASE SHIFTER TUNER DISCRIMINATOR 


FREQUENCY 
STABILIZED 
OUTPUT 


AMPLIFIER 


Fig. 1—Block diagram. 


Initially, the system is adjusted to the desired operat- 
ing frequency fo. The sequence of operation is then as 
follows. The magnetron changes frequency by Af due to 
either, or a combination of, the parameters which affect 
frequency. A portion of the transmitted energy at f-+Af 
is coupled to the discriminator. The discriminator out- 
put signal proportional to Af is delivered to the servo 
amplifier. This signal is amplified and converted to a 
driving current that controls the ferrite phase shifter. 
The phase of the fixed VSWR introduced by the slide 
screw tuner is changed by the proper amount and sense 
to “pull” the magnetron back on frequency. A stabilized 
frequency output results when the magnetron frequency 
is equal to the discriminator reference frequency. There- 
fore, the magnetron’s pulling characteristic is put to use 
to maintain dynamically a constant output frequency. 

This paper presents a qualitative discussion of the 
AFC system in terms of a specific radar requirement, as 
wel! as general design considerations. 


Basic CONSIDERATIONS 


An understanding of the operation of the AFC loop 
and an insight into the design of such a system will be 
facilitated by a discussion of certain magnetron and 
AFC system parameters with reference to the Rieke 
Diagram. A typical Rieke Diagram is shown in Fig. 2. 
Essentially, this diagram presents a plot of constant 
power and frequency contours on a Smith chart as a 
function of the magnetron load impedance. 


1G. B. Collins, “Microwave Magnetrons,” McGraw-Hill Book 
Co., Inc., New York, N. Y., pp. 178-187; 1948. 


IRE TRANSACTIONS ON MILITARY ELECTRONICS & 


SINK AREA 


Fig. 2—Typical Rieke Diagram. 


A. Pulling Figure 


The pulling figure of the magnetron is usually defined 
to be the total frequency excursion that occurs as a 
VSWR magnitude of 1.5:1 is varied through 180 elec- 
trical degrees. This is equivalent to traversing 360° or 
completely around the Rieke Diagram. 


B. Capture Range 


The capture range for the AFC system of this paper 
is defined as the maximum frequency excursion vs phase 
fora given VSWR. This value, of course, is the same as 
the pulling figure defined for this same given VSWR. 
The end points are the frequency limits within which 
the system can compensate. The capture range can be 
increased by increasing the VSWR within certain 
limitations. 


C. Phase Function 


Throughout this paper, a clockwise rotation around 
the Rieke Diagram is defined as an increase in phase. 
In Fig. 2, it is seen that starting at the left of the 
figure and traversing a constant VSWR circle with in- 
creasing phase causes a decrease in frequency. However, 
a continued increase in phase around the bottom of the 
diagram causes the magnetron frequency to increase. 
Therefore, the magnetron frequency is a double-valued 
function of the phase of the load impedance. 


D. Sink 


The “sink” area, located at the convergence of the 
constant-frequency curves, represents the region of in- 
stability. This region is the locus of impedance points 
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that produce a poor frequency spectrum, frequency 
jumps, moding, or non-oscillation. To produce such an 
impedance, a high VSWR magnitude and a definite 
phase are required. This area is commonly referred to as 
the “worst phase condition.” 


EL. Two Modes of Operation 


Fig. 3 illustrates the possibility of two modes of opera- 
tion. The Rieke Diagram can be divided into two re- 
gions. Region I is characterized by decreasing frequency 
with increasing phase, low power output, and the possi- 
bility of increasing the VSWR magnitude to high values 
with stable operation. As previously mentioned, the 
high VSWR produces a greater capture range. Region 
II is characterized by the “sink” area, higher power 
output, increasing frequency with increasing phase, and 
a smaller capture range possibility than in Region I. 
The presence of the “sink” area in Region II necessitates 
maintaining the VSWR below a certain maximum 
value. Therefore, the maximum capture range possible 
in Region II is smaller than in Region I. 


INCREASING PHASE 


REGION I 


fitAF fl AF 


Fig. 3—Modes of stable operation. 


F. Long-Line Effects 


The frequency change is continuous with smooth 
change in phase. Erratic frequency changes due to long- 
line effects are eliminated by locating the variable 
magnetron load impedance at the output terminals of 
the magnetron. 


G. Rieke Diagram vs Frequency Change 


The effect of a frequency change on the Rieke Dia- 
gram can be understood by referring to Fig. 4. If the 
magnetron load impedance has no reactive component, 
the output frequency will correspond to that constant- 
frequency contour through the middle of the Rieke 
Diagram. Assume that the magnetron is initially set up 
at room temperature with load impedance correspond- 
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Nig 


Fig. 4—Magnetron temperature characteristics: (a) cold temper- 
ature, (b) room temperature, (c) hot temperature. 


ing to Point A of Fig. 4(b). The output frequency will 
be fo. Now assume that the magnetron has a negative 
temperature coefficient, so that at a higher temperature 
and with the impedance remaining at Point A in Fig. 
4(c), the frequency will decrease to fo—Af. Similarly, 
the frequency will change to fo+Af as in Fig. 4(a) for 
some low temperature. However, if the phase of the 
VSWR is adjusted to Point B in either the high or low 
temperature case, the output frequency will again be- 
come fo. On correlating this discussion with the defini- 
tion of capture range, it is seen that fy will be outside 
the capture range if the temperature is increased some- 
what above that shown in Fig. 4(c). In this event, it will 
no longer be possible to “pull” the output frequency 
back to fo by a simple adjustment of phase. 
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With the magnetron operating into a constant load, a 
change in frequency due to any effects will cause a 
rotation of the constant frequency contours on the 
Rieke Diagram. However, if fo remains within the cap- 
ture range as defined in this paper, it will be possible by 
adjustment of phase only to “pull” the output frequency 
to fo. 


SysTEM DISCUSSION 


In this AFC system, the magnetron is operated intoa 
constant VSWR load impedance. A ferrite phase shifter 
is used to vary the phase of the reflection in a controlled 
manner, such that the output frequency is maintained 
constant within close tolerances over wide environ- 
mental conditions. The same Ku-band tube type is 
operated in the two areas of the Rieke Diagram to meet 
the requirements of two different radar systems. 


A. Component Characteristics 


1) Magnetron: The proper choice of a magnetron, of 
course, must be based on a consideration of the over-all 
requirements of the transmitter. However, the only 
magnetron parameter peculiar to the usual magnetron 
specification is the pulling figure. Usually, in the con- 
ventional system, it is desirable to minimize this param- 
eter. However, in this system a large pulling figure 
is required. The requirement for the minimum pulling 
figure is determined by analysis of the factors which 
affect frequency, taking into account the environmental 
conditions. The usual factors are temperature, vibra- 
tion, shock, changes in duty cycle, drift with life, and 
poor voltage regulation. Also, in many cases, the fre- 
quency is affected by other parameters such as AC 
filament magnetic field. A maximum pulling figure is 
established compatible with tube manufacturing tol- 
erances and the maximum AFC loop gain which can be 
tolerated. 

Consideration should be given to the two modes of 
operation described above in selecting a tube with cap- 
ture range and power output compatible with system 
requirements. On-the-shelf tubes, generally, will not 
have a sufficiently high pulling figure. However, exist- 
ing tubes can be modified to increase the pulling figure. 
If a new tube development is required, consideration 
should be given to operation in Region I of Fig. 3. It is 
possible to design the tube for high efficiency in this 
region by moving the “sink” area up to cover essentially 
the entire area of Region II. This tube design also results 
in a large capture range. 

In the present application, a new Ku-band tube was 
developed, and an existing tube was modified for use 
at X band. The Ku-band tube is used in two radar sys- 
tems requiring different power output and capture 
ranges. The tube is operated in Region I for the radar 
requiring a high capture range and a relatively low 
power output. The second radar requires a higher power 
output, but somewhat lower capture range. The tube is 
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compatible to the second radar when operated in Re- 
gion II. 

2) Ferrite Phase Shifter and Slide Screw Tuner: The 
variable magnetron load impedance consists of a slide 
screw tuner and an electronically controlled ferrite phase 
shifter. The capacitive screw provides for initial adjust- 
ment of the VSWR magnitude. The sliding feature per- 
mits mechanical phase adjustment to meet the initial 
conditions for operation in Region I or Region II of 
Fig. 3. This adjustment reduces the total phase shift 
requirement of the ferrite phase shifter and compensates 
for production tolerances in the waveguide and tube. 

In general, many different phase shifter types are 
applicable to this AFC system. The choice of a DOFL 
(Diamond Ordnance Fuze Laboratory)’ type phase 
shifter for this particular design was based primarily on 
the premium requirement of reduction in size and 
weight. The DOFL geometry offers the largest recip- 
rocal phase shift per unit length. This design incorpo- 
rates temperature compensation and maintains a low 
input VSWR over its phase shift range. Temperature 
compensation is accomplished by a combination of 
magnetic shunting and open-loop thermistor current 
control. A low phase shifter VSWR is required over the 
temperature and control current ranges in order to 
maintain proper control of the magnetron pulling char- 
acteristics. During the course of design of the DOFL 
phase shifter, considerable difficulty was encountered in 
obtaining a sufficiently low VSWR. However, the com- 
pleted design resulted in a VSWR of less than 1.1 over 
the operating conditions for both X and Kw bands.? 


ROOM T 


COLD 


— —— SYSTEM OPERATING PATH 


CONSTANT PHASE 


PHASE SHIFT 


0 
CURRENT 


Fig. 5—Ferrite phase shifter characteristics. DAE is a typical 
operating phase shift vs current curve for operation in Region I 
of the Rieke Diagram, assuming no transients. 


_? F. Reggia and E. F. Spencer, “A new technique in ferrite phase 
shifting for beam scanning of microwave antennas,” Proc. IRE, 
vol. 45, pp. 1510-1517; November, 1957. 

’ A. Clavin, “Problems Associated with Rectangular Waveguide 
Phase Shifters,” presented at PGMTT Natl. Symp., San Diego, 
Calif., May 9-11, 1960. Reprints available from Rantec Corporation, 
Calabasas, Calif. 
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Fig. 5 shows a typical family of phase shift vs current 
curves with temperature as the parameter. With the use 
of thermistor current control, the increase in phase from 
Point 4 to B as the temperature is increased from room 
to hot, is cancelled by the decrease in phase as the cur- 
rent is reduced from Point A to C. The effect of proper 
magnetic shunting is to reduce the spread in the family 
of curves. In the limit, perfect magnetic shunting would 
result in only one curve for all temperatures. 

3) Discriminator: The discriminator, of course, is a 
very important component of the AFC system, since it 
is the frequency reference for the system. Many dis- 
criminator techniques, also, may be used in this AFC 
system. However, as in the case of the phase shifter, the 
choice of the discriminator for this particular design was 
weighted heavily by the size and weight requirements. 

The discriminator technique selected consists of a 
cross-guide directional coupler used to couple a small 
portion of the power from the main line. This power is 
fed to a magic tee used as a power divider with isolation 
between its two outputs. An assembly consisting of a 
miniature band-reject type cavity followed by a crystal 
detector mount is connected to each of the two outputs 
of the magic tee. The cavities are temperature com- 
pensated and mounted in a constant pressure area. 
One cavity is tuned slightly above and the other slightly 
below fo. The crystal outputs are fed to a differential 
amplifier, the output of which is the familiar “S” curve. 
The discriminator output is in the form of positive or 
negative pulses, depending upon the sense of the fre- 
quency change. Cross-over accuracies of +0.5 Mc at 
Ku band and +0.25 Mc at X band have been ob- 
tained. 

The cavities must be temperature compensated and 
either sealed or mounted in a dry, constant-pressure 
area in order to meet the cross-over accuracies quoted. 
A small change in air pressure will cause a considerable 
drift in cross-over frequency. 

Considerable difficulty was encountered during the 
design phase of the Ku-band system due to poor crystal 
stability over the temperature range. Crystal selection 
by means of heat cycling tests resulted in a low yield 
of crystals which would meet the cross-over accuracy 
requirements. The availability of an improved crystal 
relieved this area, although some crystal selection is 
still required. No great difficulty in this area was en- 
countered with the X-band system. 

4) Servo Amplifier: The servo amplifier consists of an 
integrator circuit and a dc power amplifier. These cir- 
cuits convert the pulse input from the discriminator toa 
controlled dc output. The integrator converts the pulses 
to dc, and provides memory to maintain “on frequency” 
response conditions during short standby periods of 
the radar transmitter. A current-limiting circuit in the 
output of the power amplifier is used to limit the phase- 
shifter control current on the upper end of the range. 
This circuit is the electrical stop referred to in another 
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section of this paper. A gain adjustment is provided for 
initial alignment of the system. 


B. Operation in Two Regions of Rieke Diagram 


In order to obtain proper operation in Region I, the 
AFC loop must be interconnected in order to provide a 
decrease in frequency with an increase in phase. Ad- 
justments then begin with an open loop and with zero 
control current to the phase shifter. By means of the 
slide screw tuner, the impedance is adjusted to Point A 
of Fig. 6. This point is the upper limit of the capture 
range. Now, as the control current is increased, the im- 
pedance moves clockwise along the constant VSWR 
circle through Region I to Point B with a consequent 
decrease in output frequency. An adjustable electrical 
stop is provided to limit the control current to less than 
that value which would increase the phase beyond 
Point B and into Region II. This stop is adjusted and 
the AFC loop is closed. Upon closing the loop, the error 
signal is fed around the loop to the phase shifter in the 
proper sense in order to adjust the phase to Point M 
and the magnetron is on frequency (fy). Now, should 
environmental changes or other factors tend to cause a 
frequency change, a rotation of the constant frequency 
contours occurs as shown in Fig. 7. Under these condi- 
tions, the AFC system automatically and continuously 
controls the load impedance phase, such that the im- 
pedance is maintained at Point P with a resultant con- 
stant output frequency. Point M of Fig. 7 is the im- 
pedance which was established initially. Under constant 
impedance conditions, the output frequency would have 
been fo—Af. 

Operation in Region II may be described similarly. 
However, the loop must be interconnected so that an 
increase in phase causes an increase in frequency. Also, 
the VSWR must be reduced in order to stay out of the 
“sink” area. Operation along the VSWR circle between 
the Points C and D of Fig. 6 is typical in Region II. The 
Points NV and O of Fig. 7 are the initial and “on fre- 
quency” impedances, respectively. 

When the radar system is in the standby condition, 
the magnetron is not operating. Therefore, there is no 
error signal from the discriminator. Under this condi- 
tion, the servo amplifier will drift and drive the phase 
shifter to one of its limits. When the radar is activated, 
the action is similar to that described on closing the loop 
after initial adjustment. 


C. System Performance 


The frequency stabilization accuracies of the specified 
design in this paper are +2.0 Mcat Ku band and +1.5 
Mc at X band. The AFC system meets the radar re- 
quirement of being on frequency within the first five 
pulses of the magnetron. The corresponding time is ap- 
proximately 30 milliseconds. This response was meas- 
ured with initial conditions such that the frequency of 
the first pulse was at the limit of the capture range. 
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INCREASING PHASE 


Fig. 6—System operations in Regions I and II. 


INCREASING PHASE 


REGION I 
for Af 


REGION 0 


Fig. 7—System operation under environmental conditions. 


(CONCLUSION 


A method for maintaining an automatic frequency 
control of magnetron output has been presented. The 
output impedance of the magnetron is electronically 
controlled to stabilize the frequency. This practical 
method is being used in three radar systems currently 
in production. The stabilized output frequency has been 
held to +1.5 Mc at X band and +2.0 Mc at Ku band 
over a wide environmental range. 

Several terms have been described and applied to the 
basic theory underlying this AFC technique. Illustra- 
tions have been given of the pulling figure, sink area, 
capture range, phase ambiguity, and the frequency vs 
load impedance concept. 

System operation and a qualitative analysis have 
been presented. This analysis should enable the in- 
terested engineer to observe these results using the 
basic components of the system. 

It has been shown that two regions for stabilized fre- 
quency operation exist. A single magnetron has been 
utilized in each of these regions to meet the specific re- 
quirements of two individual systems. In Region I, a 
large capture range is available to meet wide environ- 
mental variations at a reduced power. In Region II, a 
power output is available over a lower environmental 
range. 

It is the author’s opinion that the AFC technique 
may be used with variations to solve several problem 
areas requiring stable high-power oscillations. 
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The Radar Measurement of Range, Velocity and Acceleration* 


ee KEEL Y+ 


Summary—This paper is a study of the ultimate attainable ac- 
curacy in the radar measurement of range, range rate, and range 
acceleration. It is assumed that these quantities are to be measured 
by a coherent radar with a large output signal-to-noise ratio. The ap- 
proach is entirely theoretical, and the accuracy evaluated is the 
accuracy that would be attained with an ideal receiver which per- 
forms maximum-likelihood estimates of the unknown parameters. 
The transmitted waveform is fixed and arbitrary, and the error 
variances and covariances are evaluated in detail in terms of the 
amplitude and frequency modulation of the transmitted wave. 
Specific results are also given for constant amplitude pulses carrying 
arbitrary combinations of linear and quadratic frequency modulation. 


INTRODUCTION 


HE general theory of radar measurement! is 

briefly reviewed and is then applied to the meas- 

urement of acceleration together with range and 
velocity. Of course, it is actually range, Doppler fre- 
quency and Doppler rate which are measurable in a 
monostatic radar, and the familiar ambiguity function 
for range and Doppler measurement is extended to an 
ambiguity function for all three quantities. The moment 
matrix for the measurement errors in these three quan- 
tities is computed for the strong-signal (small-error) 
case, and the effects of various types of amplitude and 
frequency modulation are discussed. An interesting fea- 
ture is the dependence of the velocity error on the true 
acceleration and an unavoidable, acceleration-depend- 
ent correlation between the range and velocity errors. 
This paper extends the results of Manasse* and Bello,’ 
whose analyses apply specifically to pulsed radars. 


DETECTION AND PARAMETER ESTIMATION 


Suppose, at first, that a definite narrow-band signal, 
o(t)=Re { s(t)eieot} , is to be detected in a background 
of white noise. Here wo is the angular carrier frequency 
and s(t) is the complex signal modulation. The back- 
ground noise can be represented in the analogous form 
£(t) =Re { n(t)eiwott , where n(t) is a complex, white 
Gaussian process. We have, formally, 


En(s)n(t) = 2N (6 — 5), (1) 
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where Np is the noise power per cycle (one-sided) of the 
noise &(t). (& stands for expectation, or ensemble aver- 
age, and the bar denotes the complex conjugate.) I’ 
it is supposed that o(t) appears in the noise with un- 
known amplitude A and unknown carrier phase 6, then 
the detection problem consists of deciding whether the 
complex modulation z(t), which is actually present on 
the carrier is simply noise n(t), or signal-plus-noise, 
Ae*s(t)-+n(t). 

The well-known matched-filter solution to this prob- 
lem is to observe the envelope of the output of a 
matched filter at a specified time. If this quantity is 
sufficiently large, the signal is detected. Analytically, 
the detection criterion is 


| f oea| > const. bs 


If the signal is of finite duration, and time is available 
to process it, the upper limit tp can be replaced by +. 
Note that the mean-square noise output of the matched 
filter is 


2 ip s(On(Hat |? = E { [ Weeyntonteyaae 


No f f s(d)s(t/)(t — t')dtdt! 


2 f | s(t) 


—o 


dt. 


The (peak) signal output is just 


A it i | s 


so that the output signal to rms noise voltage ratio is 


A f 00 1/2 Be 
— if | s(Z) atk = 4/ = (3) 
oi ee No 


where &, is the total energy contained in the signal. 
Now suppose that the expected signal is not known 
precisely, but is only known to be one of a family of 
signals, whose complex modulations are a given func- 
tion, s(t; a1 - ++ an), of m real parameters (a; - - - ap). 
We are to detect the presence of such a signal and 
simultaneously to measure (estimate) the values of the 
signal parameters (a; - - - a,). The logical procedure is 
to provide a set of matched filters, one for every set of 
parameter values, and to observe the output SNRs. 


"dl, 
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The parameter values associated with the filter with 
maximum output SNR provide the desired measure- 
ment, while the value of this output can be used to de- 
cide on the actual presence of a signal. 

It can be shown that this combination of detection 
and measurement is equivalent to the general statistical 
method of maximum likelihood decision. On the other 
hand, the simple, intuitive, matched-filter approach 
can readily be generalized to nonstationary, non-Gaus- 
sian noise. In practice, one usually finds a way of sim- 
plifying the processing; a finite number of filters is used 
(filter bank) or processing time is sacrificed in order to 
“scan” through a range of parameter values. The follow- 
ing analysis, which assumes the use of as many filters 
as there are parameter values, therefore corresponds to 
the performance of an ideal receiver. It should also be 
pointed out that the system is ideal in other ways. For 
example, the mere assumption that the form of the 
signal is known presupposes perfect oscillator stability 
and exact knowledge of the characteristics of the sys- 
tem circuitry. 

To facilitate the analysis, we assume that the filters 
are arranged so that they each have the same rms noise 
output in the absence of a signal. This is most easily 
done by so parametrizing the family of signals that 


is s(tray- 


for all (a1 - - - a,). This convention affects the physical 
meaning of the amplitude A. In fact, the total energy 
contained in the signal Ae®s(t; a1 - + - @,) is now simply 
E,=43A? [our convention is that the average power asso- 
ciation with a modulation function z(t) is 1 2(t) | 2 Os 
detection criterion is now 


edt = 4 (4) 


CO 


i s(t; a4 oe - a) 2(t)dt | = const. (5) 


—s 


Max 
te oes 


a 


and the set of values (@ -- - @,), which provide this 
maximum, constitutes our estimation of the parameters. 
From now on we ignore the detection aspect of the 
problem, and concentrate on obtaining some properties 
of the estimates (@1 - - 

Suppose that the actual signal present in the return 
has the modulation A ,e* s(t; a1° - + - a,°). Then the es- 
timates must maximize the quantity 


A 
Qn). 


| Ave f S(Caer |= a,) S(t; a4 = a, at 


+f s(t;a1 - > + ay) n(t)dt| , 
=AGO 
which is the same as maximizing 


| i s(1; 0 + + * Gn) S(t; a9 + + + an®) dt 
ees 
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The first term here is called the ambiguity function. 


Olay lees An; ay" ae - a,°) 
=| SCE; a * * + On) S(t} ax® > + + an)dt. (6) 
If we put 
e740 Oh ea eae get Rt 
X(Ci 22 Op) s(t;a, +++ a,)n(t)dt, (7) 
410 =) 


- &,) must maximize 


5 a) a X (ay 


then (@ - : 
| Oar +» -an)|. (8) 


The noise term, X(a, -- + a@,), is a complex Gaussian 
function of n variables, with zero mean, and generalized 
covariance 


: 0) 
Og, ls 


EX(a1 SUES an) X (ay! Pee) a,,’) 
2No ee s 
= : i s(tj ay! + + + atn’)s(t; a1 + + + Om) db 
A 0” —-0 
No ; : 
= meee Oly 5 Ee Oa) (9) 


The estimation problem thus reduces to a location of 
the maximum of a multidimensional Gaussian process. 
This process is the absolute magnitude of the sum of a 
“signal” Olay «ag ae me > an"), and Mae Heise. 
X(a,-++a@,). Since this noise is completely charac- 
terized by the ambiguity function itself (together with 
the SNR), the ambiguity function defines the entire 
estimation problem. 
According to our convention (4), we have 


Olax as 


-a@,). Further, by the Schwartz inequality, 
| Qa’: - (11) 


so that our “signal,” Q(ai- + + Qn} a1° - > + Qn°), always 
has a maximum at the true values (a,° - - - a,°). This 
also shows that for very large values of the SNR, the 
true values of the parameters will always be among the 
possible estimates made by the matched-filter estima- 
tion system. Other values will also be among the es- 
timates if the ambiguity function attains a value very 
near unity for incorrect values of the parameters. This, 
of course, is the ambiguity problem for single targets. 
For large values of £,/No, and in the absence of 
ambiguities, the estimates (@,- - - @,) will be near the 


ONG 55 (8A OO OO) 1 (10) 
for all (ay: - 
i Qn) <s Up 


uP 
Olin) 5 (OL i 


true values (a,°--+a,°). By expanding Q(ai:- + Qn; 
a) >>. a,°), ~and Xlapt-9 “a, as  1unctiOns emer 
(a1 - + + @,) in Taylor series about the point a, =a,°, and 


keeping only terms to second order, we can obtain first- 
order approximations to the estimates (@ - - - &,). This 
procedure is carried out in detail,? and the result is that 
the errors &—a,° are Gaussian random variables with 
zero means (so that the estimates are unbiased) and 
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moment matrix TQ; and 6: 
My == E(a, rare an) (A; ae ai’), (12) B a 
AQ) =r -——(t— 7) —-—(¢t—-7)?. (16) 
whose inverse is related to the ambiguity function by wo 20 
the fundamental equation According to (16), 
Ao? 0° 
(M~!) x2 = | Cn ae Oa, A(r) soeh 
2No elagnereg) B 
Came Oa.) fs (Qipae™ anion en) 13) AG) oe ee 
The entire approximation procedure has a simple geo- z 2a 
metrical interpretation. The main peak of the ambiguity ON ia ee (17) 
wo 


function [7.e., the region near (a,9: - - a,°) | is approxi- 
mated by a quadratic form in the differences a,—ay°. 
This quadratic form (which corresponds to a family of 
ellipsoids in the parameter space) has a maximum value 
of unity at (a;°- +--+ a,°) and matches the actual am- 
biguity function in curvature at this point. The charac- 
teristics of the approximate estimators are then deter- 
mined entirely by the coefficients of curvature of the 
ambiguity function there. It is thus clear that a desir- 
able ambiguity function has a sharp central peak and 
low secondary maxima. 


RANGE, VELOCITY AND ACCELERATION 


If a signal of known form, say s(t) (complex modula- 
tion), is transmitted in a monostatic radar, then the 
echo from a stationary target of small size (relative to 
the smallest modulation wavelength) will be 


Ae®s(t — 1r)e~ 07, 


This represents the attenuation A, reflection phase 
shift 6, and range delay rt = 2r/c, where 7 is the range. If 
the target moves, all these quantities will vary with 
time. Over a short period for a distant target, the at- 
tenuation can be assumed constant, but the delay as- 
sociated with an arrival at time ¢ will vary with t. We 
represent this delay by A(t), so that cA(t) is the distance 
travelled by a photon which arrives at time ¢t. Now, the 
form of the returned signal modulation is 


Ae*st = A(t) jee (14) 


Suppose the range to the target is known as a func- 
tion of ¢t, say r=r(t). Then, since cA(t) is twice the dis- 
tance to the point where the target was when reflection 
took place (for the photon which arrives at time ¢), and 
since this reflection took place A(t)/2 seconds before 
arrival, we have the functional relation, 


cA(t) = afr 2], 


between range and delay. The general case of motion 
with constant acceleration in space leads to a very com- 
plicated dependence of A(t) on time. However, for rela- 
tively short times we can approximate A(t) by a quad- 
ratic function of t, and related coefficients to parameters 
of the motion. In particular, we choose the following 
form for A(t) in terms of three arbitrary parameters, 


(15) 


where the dot stands for time-derivative. By evaluating 
identity (15) and its first two time derivatives at t=7, 
and using (17), we find 


r(r/2) = 

ea 2 

Be 

i(7/2) = — — 
i(7/2) Ranere 
(1/2) sel (18) 
#(7/2) = — 

(8 + 2wo)® 


Thus 7 has the significance of the arrival time of a pho- 
ton which leaves the transmitter at t=0 (arriving at 
the target at 7/2). The parameters 6B and a determine 
the range rate and range acceleration of the target at 
the time (¢=7/2) of reflection of this photon. Note that 
¢(7/2) and ¥#(7/2) are approximately given by 


pe eee 
t(7/2) = a 
= = (19) 


We shall not develop here the further relations con- 
necting the derivatives of range with components of the 
vector velocity and acceleration. 

If we substitute (16) into (14), we find that the gen- 
eral form assumed for the radar echo, 


Aes [ —rt+ fs (t — 7) 


WO 


a : , % 
Aid ( ‘oa! “| CP ar aaa) (20) 


WO at 


in which the term (—qo7), the RF phase delay, has been 
lumped in with the reflection phase shift. Since the 
modulation generally consists of frequencies much 
lower than wo, the terms in a and B in the argument of 
s(t) have relatively small effect. For the sake of sim- 
plicity, we shall drop these terms, although they could 
be important for very wide-band systems and hyper- 
velocity targets. Thus, we begin our analysis with the 
following family of signals: 


Ae s(t a 7) ete (t—7) 418 (tr) 


(21) 
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In accordance with our normalization convention, (4), 


we assume that 
if | s(2) 


The ambiguity function takes the form 


Q(7’, eB Ty a, 8) 


2dt = 1, (22) 


2} 
=i s(-—71’)s(t—r) ei 7) ?-+ iB (t—1)—ia! (t—1’)? iB! (t—1") Jy 
—~* 


=exp ila(r’—7)?+8(r'—7) |g(a’—a, B’—B, 1'—75.a), (23) 


where we have put 
ORCL Ue 104) ea { s(f)s(t + r)e ia? —i@—2atr) iy, (24) 


The dependence of the ambiguity function on the dif- 
ferences 7’—T, a’ —a, and 8’ —8 is supplemented by an 
explicit dependence on a. This will have, as a conse- 
quence, a dependence of the estimation errors on the 
true acceleration. 

The phase factor by which Q differs from g in (23) 
can have no effect on the small-error moment matrix 
Mir given by (12) and (13), since this matrix depends 
only on | Q| 2 = | ¢| 2. Also, referring to the general equa- 
tion (8), the statistical properties of X(ai---a@,) are 
unchanged by such a phase factor. Therefore gq itself, as 
given by (24), can serve as the ambiguity function for 
our problem. 

Various general properties of the ambiguity function 
can be easily obtained from (24). For example, the in- 
tegral of ||? over the time-Doppler plane, for fixed 
values of a and a° is constant, and equal to 27. Special 
formulas for g along the various coordinate axes are also 
easily obtained. In the special case of a periodic train 
of very short pulses, (24) provides a means of studying 
the ambiguities which arise. We find that corresponding 
to the “blind speed,” w=c¢/2foT (where T is the pulse 
repetition period), there is also a “blind acceleration,” 
a=c/2foT?. In other words, accelerations measured 
with this waveform will be ambiguous to the extent of 
an unknown multiple of a. 


THE Error Moment MATRIX 


In order to apply (12) and (13) for the error moment 
matrix in the strong-signal case, let us agree to arrange 
the parameters as follows: a,;=a, a2=6 and a3;=rT. Then, 
using (23), we have 


Ao? ale 


Mia = 
2No Oa,0a, 


Ec — ay", a2 — a, a3 — a3°; x: 
a=a 
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A Qn % 
= Re ' = = g(ar1aras; a,°) 
No Oa,0a] 


a=) 


Og(ara2as; a1°) 


Oak 


Og(a1a203; ay") 


\  @s) 
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To get the last form in (25) we have used the fact that 
g(0, 0, 0; 21°) =1. The actual computation of the matrix 
elements of M-, carried out by substituting (24) into 
(25), is quite tedious, and we simply quote the result. 
To avoid lengthy writing, we put 


s(t) = u(t) exp fi f ecar |. 


where u(t) is the (real) amplitude modulation and a(t) 
is the (real) frequency modulation and we use the fol- 
lowing abbreviations: 


a= () 


(26) 


ms =| ?u(t)*dt — if mncorat], (Cz9) 
m3; = f eupea = ie fu(t)?dl if (u(t) dl, (28) 
ms, = io ftu(t)?dt — Ae rato | (29) 
Cr = te tw(t)u(t)*dt — fe tu(t)?dt f e@uorar (30) 


oo) 


= (w(t) u(t) ?dt — f eucorar f o@ucprat, (31) 


w? = an? f f 


These quantities have the character of moments of the 
(normalized) distribution u(t)”. The last expression has 
the form of a moment over the Fourier transform, 


fo) 
to 


co rar -[2" flea]. (32) 


a= [seta (33) 


In terms of these quantities we have, for M—, 


Ae? 
M- = — 
ING; 
M4 M3 —do—2ams ] 
Ms, Ms —6;—2a°m, 2 (34) 
—62—2a°m; —6:—2a°m2 we?+4a°S1+4(a°) 2m, | 


The determinant of this matrix reduces considerably. 
In fact, it is independent of a°: 


an Ae 
Dette a= Vv | (mm — M3°)w.? — m6; 
LV ; 


+ 27136102 == m5." = ma iN (35) 


0 
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It is also easily shown that this determinant is invariant 
to the choice of time origin. 

Other useful properties are the facts that A is non- 
negative and insensitive to FM, up to quadratic, that 
may be present in the waveform. The first property 
will be proved later; here we prove the second. If 


OG) 


which represents a general combination of linear and 
quadratic FM (the constant term simply changes the 
carrier frequency), we find that 


a+ bt + ci?, (36) 


6; = bm2+ cms, 
bd. = bm3 + cm. (37) 


It can also be shown that, in general, 


wo? = { | w(t)?(t)? + a(t)? | dt 


— | f w(utorat | ; 


(38) 
which reduces to 


b?m, + 2bems + c?ms + i [2i(t) |2de, (39) 


in the case described by (36). Substitution of (37) and 
(39) into (35) then results in 


= (mymz — m3’) [ wore, (40) 


which is completely insensitive to the presence of the 
FM. 

Turning now to the moment matrix itself, we find 
that the cofactor of the (11)-element in the matrix of 
(34) is simply m2w.?—6,”, which yields 


No Mw = 6;" 


Ao A 
No ms” 
= UL 
A M2 
This element, which determines the variance of the ac- 
celeration error, is independent of @° and is invariant to 


the choice of time origin. In the special case (36), we 
find that 


My = 


err | ig 


my(MW2" oa 51) 


ioe} 


ms {, [w(t) |?dt + c?(mim, — ms°), (42) 


iaeni°, 2 


MW” = 617 = 


so that the acceleration accuracy is affected only by the 
quadratic component of the FM. From the second form 
of (41) it is clear that any form of FM can only degrade 
the acceleration accuracy, since 


Msms, — ms Zz 0 


M2? — 61° > 0, (43) 
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as can readily be shown by the use of the Schwartz 
inequality. 

If there is no phase modulation, M1, reduces to 


(44) 


Now My, is the variance of the error in a, and aq is re- 
lated to acceleration by relation (19), so that the stand- 
ard deviation Aa of the acceleration error is given by 


Xo 
Dhar. Mm 
2n4/ (m. = ) 
No mM», 

Suppose that the envelope u(t) vanishes outside an 
interval of time of duration 7, but is otherwise arbi- 
trary. Then it can be shown, that among this class of 
functions, the one which maximizes the combination 
(ms—ms3?2/ms) consists of three very short pulses—two of 
equal height at the ends of the interval, and one at the 
center of the interval which contains twice the energy 
of either of the other pulses. For this waveform, 


(45 


Xo 
Aa = —(M),)'? = 
2a 


(46) 


and the acceleration accuracy is 


4X9 
Vid ioy 
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In general, for waveforms of duration 7», we write 


Ag = 


2 


M3 a 
mi — = faTo'/64, (47) 
m2 
where fa <1 is an “acceleration form-factor.” Then 
Ado 
A (48) 


E_—SS SSS ee 
/ he0¢ 
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In evaluating these form factors for symmetrical wave- 
forms, it is convenient to choose the time origin at the 
midpoint of the time interval so that ms;=0. For ex- 
ample, if [w(t) ]? consists of three pulses of equal energy, 
placed at the ends and center of the interval, we find 
fa=8/9=89 per cent. For one long pulse of constant 
height and length 7», we find fa = 64/180 = 35.5 per cent. 
In this latter case, (48). specializes to 


34/5 No 
ANG) it 
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It can also be shown that (49) holds for a train of many 
short pulses, equi-spaced over a time interval of length 


T». 


(49) 
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The formulas for the variances of the range and 
velocity errors, and their correlation coefficient, are 
quite complicated in the general case. Even with the 
same waveform, the variances of these errors are dif- 
ferent if acceleration is present and must be concur- 
rently measured, than if the acceleration is known or is 
absent.® Some of the terms in the velocity error even 
depend on the true value of the unknown acceleration. 
To facilitate the exposition, we shall first develop the 
formulas for the familiar case when acceleration is 
known to be absent, since this situation has many 
analogies to the general case. 

The ambiguity function for range and velocity only 
is obtained from (24) by putting a=a°=0. The inverse 
of the moment matrix is then the relevant part of (34) 
(with a° =0). 

We have, namely, 


Ao? Ms — 6, 
Mt = — ; (50) 
N 0 — 01 Ww»? 
hence, 
No/ Ao? we” by ~ 
Me = (51) 
M9" aa 6? 61 My 


The (11)-element refers to velocity and (22)-element re- 
fers to range. The standard deviations of the range and 
velocity errors are 


cAT c 
NIK = = = , (52) 
2 Ube 61° 
y) = w,? — — 
N 0 M2 
AvAB Xo 5 
BS = = : (53) 
dt 


It should be observed that these error formulas are dif- 
ferent from those which would be valid if range or 
velocity were being measured singly and not together. 
The range accuracy attainable if only range is measured 
is given by (53) with 6:=0. Similarly, the velocity 
error, if only velocity is measured, is given by (52) with 
6,=0. It is interesting that the errors are never smaller 
when both quantities are measured concurrently. The 
quantity 6; which modifies these errors also determines 
the correlation between them; the normalized correla- 
tion coefficient for the range and Doppler errors is just 
61/+/ mw”. From its definition (30), it is clear that odd- 
power frequency modulation (together with a symmet- 
ric envelope function) will yield nonvanishing 6,. This 
correlation is well known for the case of linear frequency 


° A similar situation is the dependence of the detection probability 
curve on the number of parameters which are being concurrently 
estimated. See (2). 
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modulation: if we put w(t) =at, we find that the normal- 
ized correlation coefficient becomes equal to 


1 0 =1/2 
{i+ He [ac art ; 
mya? = 


(54) 


which can be nearly unity for large a. 

The best velocity accuracy is attained for those 
waveforms that yield 6,=0, and hence coincides with 
the absence of correlation (¢.g., no frequency modulation 
or even-power frequency modulation). In this case the 
velocity error is 


(55) 


It is easily seen that the best waveform for velocity 
measurement, among those waveforms of duration 7, 
is one consisting of two equal short pulses at the ends of 
the interval. In this case we get m2.=T7)?/4. In general 
for such waveforms, we put m2=f,70?/4, where f, <1 is 
a velocity form factor, so that 


Xo 
Pee 
dng) ho 
No 
If the waveform consists of a long flat pulse of length 
To, we find that f,=3, and 


Av —= 


(56) 


Ap ete (57) 
Te is 


For a train of N pulses, each of length 7, spanning a 
total time 7, we find that 
2 Vs st 
,» 098) 


1N-1 7 
ho (i-2 + 
3 N+1 T N+1 Te? 


an expression which reduces to 1/3 when 7 )=N7 (one 
long pulse) and when r=0, N— = (a train of many in- 
finitely short pulses). 

Regarding the range accuracy, we note that FM tends 
to increase the error by way of the 6;-term in (52). How- 
ever, w.” is also sensitive to FM. Using the form (38), 
we have 


ot = f [o(d)2a(t)2 + w(t)? ]dt 


2) 2 Ov” 
=| f e@umea] ==. 
7 M2 


For a general combination of linear and quadratic 
FM, namely, w(t) =a+bt+cts, as in (36), we note (37) 
and (39) and find that 


e 6° ey ms” 
ot = f lahat e(m—22), 
M2 =-% Me 


(59) 
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Therefore, linear FM has no effect on the range ac- 
curacy, while quadratic FM improves the attainable 
accuracy. In the absence of FM, we have 


(61) 


and w»* can be evaluated from (32). If the signal spec- 
trum vanishes outside a band of width Bo, then 
we <7°B.?, by an argument similar to that used in the 
time domain above. Equality is attained for a signal 
spectrum consisting of two spikes at the ends of the band. 
In general, for band-limited waveforms, we put 
w.”=frmByo?, which defines a range form factor, and 
leads to the formula 


c 
AR = 
2a 4/ sy faBe 


(62) 
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Let us now develop the 
formulas for the general case of unknown acceleration. 
After some computation one finds that 
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will certainly make a negligible contribution to (65) 
for most observation times of interest. 
If we neglect this term, we have 


Ai Sie : ) 


(66) 


which is still not the same as in the case with no accel- 
eration. It is easily seen that Av is smallest if the time 
origin is shifted to the point to= —m3/2m»2, which is 
equivalent to displacing the waveform to make m;=0. 
Note that this choice can be made d@ priort, since it does 
not involve a. The velocity error now reduces to the 
previous value, given by (55) and its special cases, 
(56) and (57). It can also be shown that the velocity- 
acceleration correlation is very small for this choice of 
time reference. 
The range error is, in general, given by 


Cc 
AR — 2 (M 33)1/2 


: as j ya 
velocity- and range-error = ——| 2? — es Dy | THO) 
E Mim, — M3" 
=| 
No 
No maw,” — 62? + 4a°(m6, — M362) + 4(a°)?(mamy — m3") (63) 
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Mx = 
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an unwieldy expression which depends on the true ac- 
celeration and is not invariant to a change of time 
origin. In other words, for an accelerating target, the 
quality of the velocity measurement depends upon the 
time at which it is measured. In general, the optimum 
time (which choice also removes the velocity-accelera- 
tion correlation) depends upon @°, which is unknown in 
advance. It is hard to see what the general effect of FM 
is in this case; however, if FM is absent, (63) simpli- 
fies to 


No { 1 4(a®)? 
Mo = : | ae ; : (64) 
Ay m3” ws” 
My — —— 
M4 
The corresponding velocity error is 
XG ed 1. ( 4q° ) 
Av = = at BNE W065) 
OB mM Tr Ao Bo 
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where a°® is the true acceleration and we have put 
w2=fraBy, as before. For many p.oblems, the accel- 
eration-dependent term will be negligible. For example, 
if a° is the acceleration due to gravity, \o=1 foot, and 
By=10 Mc, we find \oBo/4a°=78,000 seconds, which 


(mums a m3")w” — m461" + 21136162 — M262” 


We note that the determinant A can be expressed as 


No mymz — m3? 


Ao” M33 


(68) 


which is non-negative, as was stated above. It can be 
shown that for any combination of linear and quadratic 
FM, (67) is unchanged; it reduces to 


C ee) : - —1/2 
seis {0 art 
4/ No 


Only by using cubic or higher types of FM can the at- 
tainable range accuracy be increased. Of course, FM 
is used in pulse compression schemes, as a rule, to re- 
duce the sidelobes of the ambiguity function in range, 
and not to improve range accuracy itself. In the absence 
of cubic or higher FM, (67) and (69) coincide with (61) 
and its specialization (62). 

The normalized correlation coefficients, pi;, can also 
be obtained, although the general expressions are very 
complicated. If the signal carries no FM, and if the 
acceleration is small enough so that we may neglect 
terms dependent on a, we find that p13 and p23 vanish, 
while py2. reduces to (—m3/me), which can be made to 
vanish by proper choice of the time origin. 


AR= 


(69) 
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Masers for Radar Systems Applications* 


H. R. SENFt, SENIOR MEMBER, IRE, F. E. GOODWIN], MEMBER, IRE, 
J. E. KIEFER}, anp K. W. COWANS{I 


Summary—This paper is intended to provide the systems engi- 
neer with a practical introduction to the use of solid-state maser 
amplifiers in radars. Various environmental problems involved in 
the successful application of masers are discussed. An elementary 
survey of reflection-cavity and traveling-wave masers, together with 
some experimental results are presented. Another section treats the 
problem of saturation in masers and discusses some of the methods 
available for protecting masers from the TR leak-through pulses in 
radar. Progress made in the development of open- and closed-cycle 
liquid helium cryogenic systems suitable for masers is described. 
The authors’ personal evaluations of the state of the art of ruby 
masers and closed-cycle helium refrigerators are given in appendixes. 


INTRODUCTION 
ale PROBLEM of reducing receiver noise has 


fascinated radar engineers since the earliest days 

of radar. The value of a reduction in receiver 
noise, in terms of improvement in detection range, be- 
comes most dramatically apparent when one considers 
the increase in transmitter power required to achieve a 
comparable improvement. The results obtained by the 
combination of a few improvements in the circuits and 
components used in the front end of the receiver at little 
or no cost in size, weight, and power might require many 
hundreds of pounds of additional transmitter equip- 
ment. 

The search for the ideal radar receiver has progressed 
through the years with outstanding contributions by 
many workers, but the end result always fell short of the 
goal. The maser, meaning “Microwave Amplification by 
Stimulated Emission of Radiation,” has for the first 
time brought the goal within reach. The results achieved 
during the past few years with solid-state masers show 
that the detection range of a radar no longer need be 
significantly limited by the noise generated within the 
receiver. 

With the advent of the maser we are tempted to 
speculate that the long quest for the ideal low-noise 
receiver is approaching an end. It will be shown in the 
following sections, however, that present-day masers 
leave many problems for future workers. This is partic- 
ularly true of important secondary objectives such as 
simplicity of equipment and flexibility of performance. 


SYSTEM CONSIDERATIONS 


The noise in a radar receiver with which the signal 
must compete in order to be detected is the sum of two 
parts: that which is generated within the receiver, and 


* Received by the PGMIL, January 17, 1961. 
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that which originates in sources external to the receiver. 
(In this paper “external” noise is defined as the total 
noise at the output of the antenna; thus it includes both 
the “sky” noise as defined by De Grasse, ef al.,! and the 
integrated atmospheric and earth noise due to the sec- 
ondary pattern of the antenna.) Throughout the early 
history of radar, the magnitude of the internal noise was 
so large in comparison with the external noise that the 
latter could be neglected without significantly changing 
the performance of the system. Prior to the advent of 
masers and parametric amplifiers, the noise tempera- 
ture of a typical microwave receiver was about 1500°K. 
The external noise for most radar systems was between 
50° and 300° K. Recently, as the result of special care 
taken in the design of the antenna, the external noise 
of a C-band ground receiving system looking at eleva- 
tion angles greater than 30 degrees above the horizon 
in good weather has been reduced to less than 10°K.1 
Further measurements and analyses have shown that 
external noise for similar antennas and environmental 
conditions should be less than about 20°K over the 
frequency band of 1 to 10 kMc (see Fig. 1).? For re- 
ceiving antennas operating outside the earth’s atmos- 
phere and not pointing directly toward the earth, sun, 
or moon, it is expected that external noise will be less 
than 10°K, throughout the radio frequency range above 
1 kMc.? Simple calculations based on the radar-range 
equation show that the detection range of radar for 
space applications can be increased by as much as three 
times if the noise generated within the receiver can be 
reduced so that it is equal to the external noise. The 
solid-state maser amplifier integrated with a carefully 
designed antenna has demonstrated the feasibility of 
achieving this result. 

Because of the size, weight, complexity, and operating 
problems inherent to early maser amplifiers, they have 
been slow to find applications in practical electronic sys- 
tems. A maser, to be fully effective, must be placed at 
or near the feed point of the antenna (see Fig. 2). This 
arrangement precludes the introduction of internal 
noise by such components as rotary joints, waveguide 
runs, switches, etc. Each 0.1 db of loss in such devices 
placed ahead of the maser will contribute 7°K to the 
total internal receiver noise, assuming the lossy devices 


fs 1R. W. De Grasse, D. C. Hogg, E. A. Ohm, and H. E. D. Scovil, 
eeaoe se noise measurements using a horn reflector antenna 
and a traveling-wave maser,” J. Appl. Phys., vol. : ; 
December, 1959, i Ne Sis Bulgar 
2 R. L. Forward and F. Richey, “Effects of external noise on 


ae performance,” Microwave J., vol. 3, pp. 73-80; December, 


sare at normal ambient temperatures. The antennas 
junder consideration usually are large dishes mounted on 
shigh pedestals with feed horns suspended in positions 
\that are awkward for mounting complex electronic and 
)eryogenic apparatus. 
_ Most of the masers that have been developed to date 
juse rather large double dewars containing liquid nitro- 
\ gen and liquid helium for the refrigeration system. 
Typically, these dewars must be refilled with both 
‘liquids at least once each day. The logistic problem of 
jsupplying the cryogenic fluids at the antenna site, plus 
j the operational problem of transferring the fluids into 
the maser dewar, have presented two of the most serious 
obstacles to the use of masers. 
_ Another difficulty with early masers has been the re- 
‘quirement for a large magnet to provide the dc field 
»needed to tune the maser to the desired frequency. The 
}magnet was placed outside the dewar, leading to an 
“air” gap in the magnetic circuit many times the dimen- 
sion of the maser material. This gap caused the size and 
weight of the magnet to be very large. 
Together, these problems until recently have limited 
the application of masers to a few experimental scientific 
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} Fig. 1—External noise for ground and airborne antennas (beam 30° 
above horizon). 
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Fig. 2—Typical maser installation for ground radar. 
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measurements such as radio and radar astronomy. 

During the last year or two, important progress has 
been made toward overcoming many of these obstacles. 
Several masers using small permanent magnets inside 
the dewar have been developed. A more compact open 
helium dewar-maser unit which eliminates the need for 
liquid nitrogen also has been developed at Hughes. For 
an X-band receiver, the maser equipment required to 
be mounted at the feed point occupies only about 3 of 
a cubic foot, and weighs about 20 Ibs. An artist’s sketch 
of an early model of this unit is shown in Fig. 3. 

The first models of closed-helium refrigerators for 
masers for ground systems applications have been de- 
veloped. These equipments are, as yet, rather large but 
indicate promise for the use of practical refrigerators for 
ground applications in the near future. 

A compact and relatively efficient closed-helium re- 
frigerator for air- and missile-borne applications is in an 
advanced state of development. An airborne X-band 
maser in which the refrigerator and dewar units to- 
gether will occupy about 1.3 cubic feet and weigh about 
60 Ibs. is under development at Hughes (see Fig. 4). 
About 14 kw of primary power is required to operate 
the refrigerator for a typical maser. 

Until now (and probably for some time in the future), 
all masers have been custom designed and developed by 
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Fig. 3—X-band maser in compact open-helium dewar. 
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Fig. 4—Maser with integral closed-helium refrigerator. 


60 IRE TRANSACTIONS ON MILITARY ELECTRONICS 


research engineers. In general, only one of a kind has 
been made. The same is true of closed-helium refrigera- 
tors, and, to a lesser extent, open-helium dewars. Thus, 
the cost of prototype or experimental masers with closed 
refrigerators is still very high. The cost and complexity 
have been justified in the past for a number of critical 
measurements and specialized applications. During the 
next few years, as maser techniques are reduced to 
engineering technology, masers should become prac- 
tical for an increasing range of system applications. 

The authors’ personal evaluation of the state of the 
art of ruby masers and closed-cycle helium refrigerators 
are given in Appendixes | and II. 


ELEMENTS OF MASER TECHNOLOGY 


The problem of developing a maser technology suit- 
able for a variety of systems applications consists of 
establishing the feasibility of operating over a wide 
range of frequencies with the necessary gain, band- 
width, tuning range, and stability. All of this must be 
done with equipment which can be operated continu- 
ously without the difficulties of filling the cryogenic sys- 
tem. Another basic element in achieving this capability 
is that of providing suitable maser materials for the 
various frequency ranges. Ruby, which is an aluminum 
oxide crystal with a small percentage doping of chro- 
mium ions, has proved to be successful for operation in 
the frequency range from a few hundred megacycles to 
15 kMc. It has excellent physical properties and can 
withstand the shock of repeated temperature cyclings 
without damage. 

In an effort to provide a comparable material suitable 
for the frequency range from 10 kMc to approximately 
60 kMc, synthetic emerald with several values of chro- 
mium concentration is being investigated. Studies of the 
millimeter-wave spectroscopy of emerald have shown 
that it has excellent promise for this frequency region.? 
The microwave spectrum of emerald for the symmetric 
mode is illustrated in Fig. 5. This figure shows the 
manner in which the magnitude of the energy-level 
transitions between the four basic energy states of the 
chromium ion in emerald vary with an externally- 
applied dc magnetic field. The mode of operation shown 
is that of a broad-band maser amplifier at 35 kMc. This 
mode is particularly desirable because operation over a 
band of more than 1 kMc appears to be feasible without 
change of pump frequency. 

It is not within the scope of this paper to discuss the 
internal physics of maser materials. It should be pointed 
out, however, that this subject is vital to the develop- 
ment of a suitable maser technology. The future maser 
engineer must be thoroughly acquainted with many 
technical problems previously considered to be within 
the realm of the solid-state physicist. 


3 J. E. Geusic, M. Peter, and E. O. Schulz-Du Bois, “Paramag- 
netic resonance spectrum of Cr++* inemerald,” Bull. Am. Phys. Soc., 
ser. II, vol. 4, p. 21; January 28, 1959. 
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Fig. 5—Microwave spectra of emerald (symmetric model). 


A typical maser amplifier consists of a microwave 
resonator which contains a piece of crystalline maser 
material. The circuit is resonant both at a signal fre- 
quency and at a so-called “pump” frequency. The cir- 
cuit is cooled to a very low temperature, usually within 
a few degrees of absolute zero, and placed in a dc mag- 
netic field. A few milliwatts of power are continuously 
injected into the circuit from the pump oscillator. The 
maser crystal absorbs and stores energy from the pump. 
When a signal is applied, it stimulates the emission of 
some of the stored energy. This energy is released as dis- 
crete quanta at signal frequency, each input quantum 
triggering the emission of many stored quanta. Ampli- 
fication is obtained by the addition of the emitted 
energy to the input signal. 


REFLECTION-CAVITY MASERS 


Early masers were constructed in a form usually re- 
ferred to as a reflection-cavity maser. Two variations 
of the reflection-cavity maser are shown in Fig. 6. This | 
kind of maser requires a circulator for its operation, 
since the input and output signals from the maser reso- 
nator are present in the same transmission line. The 
figure on the left side of Fig. 6 describes the basic reflec- 
tion-cavity maser configuration. Early X-band masers 
of this type exhibited a typical performance of 26-db 
gain with a 5-Mc bandwidth and a noise temperature 
of about 25°K.4 The circulator was operated at room 
temperature and contributed about 15°K of the noise.® 


4T. H. Maiman, “Solid-State Maser Amplifier X-Band,” Hughes 
Res. Lab., Malibu, Calif., Final Progress Rept. on Signal Corps Con- 
tract DA 36-039SC-74951; November, 1958. 

5 A comparable maser which used a circulator cooled to liquid 
helium temperature had a measured noise temperature of 10°K. 
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Fig. 6—Reflection-cavity masers. 


The figure on the right side of Fig. 6 illustrates a 
method of broadbanding reflection masers. In this case, 
the single resonator is replaced by a system of coupled 
resonators. The amount of improvement which can be 
_ obtained in the gain-bandwidth product by this method 
varies with the absolute gain of the system. For a gain 
of 26 db, a two-resonator reflection maser has approxi- 
mately 34 times the gain-bandwidth of a single- 
resonator maser.® This design is suitable for fixed- 
frequency systems requiring more gain-bandwidth 
| product than can be achieved in the single-cavity maser. 

An important maser engineering problem which al- 
ready has been solved for some applications is that of 
replacing the large external electromagnet used in all 
- early research on masers by a small permanent magnet 
located inside the dewar. Fig. 7 shows an X-band maser- 
dewar unit in which the permanent magnet is placed 
inside the dewar. This unit was developed at the 
Hughes Research Laboratories under Signal Corps 
sponsorship and is one of the first packaged maser units 
of this type to be delivered to a customer.® Fig. 8 shows 
-a close-up of the resonator and the permanent magnet; 
' these are mounted at the bottom of the dewar in liquid 
' helium. This unit combines the advantages of the in- 
ternal magnet, push-pull pumping, and 100 per cent 
filling factor. With a low-loss circulator placed outside 
the dewar at room temperature, the noise temperature 
of this unit was 25°K and the gain-bandwidth product 
/ was 105 Mc. This represented a significant advance for 
this type of maser at the time it was developed in 1958. 

Fig. 9 shows the microwave circuitry of an X-band 
maser with a helium-cooled circulator. This circulator 
is of the polarization-rotation type. It also can be used 
to switch the input from the maser to a matched load 
by reversing the direction of the dc magnetic field. In 
this way the maser can be protected from the saturating 
effects of a local pulse signal, such as that obtained in a 
radar. The noise temperature of this maser amplifier 
was measured as 10°K. Essentially no noise was con- 
tributed by the circulator because of its operating tem- 
perature of 4.2°K. Subsequently, miniature cooled 
Y-type circulators that have improved bandwidth 


6 F. E. Goodwin, “One Port and Traveling-Wave Maser Using 
Coupled Cavities,” Hughes Res. Labs., Malibu, Calif., Res. Rept. 
No. 173; November, 1960. 


Fig. 7—X-band maser-dewar unit. 


Fig. 8—X-band maser resonator and magnet. 


Fig. 9—Maser with cooled circulator. 
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characteristics and equally low noise have been de- 
veloped. These will be valuable in making future masers 
more compact and efficient. 


TRAVELING-WAVE MASERS 


The traveling-wave maser provides the best solution 
for systems which require large bandwidth and/or elec- 
tronic tunability. Fig: 10 illustrates a type of traveling- 
wave maser circuit that utilizes nonresonant slowing for 
its operation. The waveguide is filled with maser ma- 
terial; the high dielectric constant of the material causes 
the wave to propagate more slowly than in an air-filled 
guide. The slower the wave travels, the more time is 
available to stimulate emission from the maser material, 
and thus to amplify the signal. 
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Fig. 10—Nonresonant dielectric slow-wave circuit for masers. 


Ferrite isolating elements are shown embedded in the 
waveguide. These are required to assure that spurious 
reflections of the forward wave due to any cause are not 
amplified in the backward direction. The maser material 
is, in general, capable of amplifying about equally well 
in both directions. The presence of an amplified back- 
ward wave will lead first to variations of gain vs fre- 
quency, and ultimately to instability. Well-designed 
traveling-wave masers provide sufficient attenuation of 
backward waves so that the circuit remains stable for 
a short circuit at either the input or output. 

The nonresonant, dielectric-loaded slowing circuit 
has potential for providing large bandwidths at high 
gains. However, unless the strength of the dc magnetic 
field is varied, the bandwidth is limited to a fraction of 
the linewidth of the paramagnetic resonance of the 
maser material. For ruby this linewidth is about 75 Mc. 
The 3-db bandwidth of a ruby traveling-wave maser 
that has a gain of 25 db is about 25 Mc. If the length 
of the circuit is increased and a staggered or tapered dc 
magnetic field is applied as a function of distance along 
the circuit, the bandwidth of the amplifier can be in- 
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creased. In general, this will also require a variable 
pump frequency; however, at some frequencies and 
modes of operating the maser material, considerable 
bandwidth can be obtained with one pump frequency. 

The nonresonant dielectric slowing circuit is not prac- 
tical for use with ruby or emerald below about 10 kMc 
because it is too bulky. However, it shows promise for 
being useful with emerald and ruby in the 10- to 60- 
kMc band. 

Fig. 11 shows two forms of traveling-wave masers 
which use resonant slowing. The figure at the top of 
Fig. 11 shows a circuit in which solid resonators of maser 
material are coupled together to form a band-pass filter 
structure. This type of circuit is capable of a large 
slowing factor and thus provides an efficient means for 
achieving large maser gain in a small structure. This is 
achieved, however, at the expense of the bandwidth of 
the structure. Thus, if one wishes to obtain large gain 
in a small structure, the maximum instantaneous band- 
width that can be achieved, even with staggered tuning 
of the maser material, is limited to the bandwidth of the 
structure. The electronic tuning range is similarly 
limited. This type of circuit should be suitable for use 
in the frequency band of about 3 to 30 kMc. Above this 
frequency range, the individual resonators may be too 
small to fabricate to the necessary precision; for fre- 
quencies below 3 kMc, the resonators probably will be 
too large for practical use. 

The center figure of Fig. 11 shows a traveling-wave 
maser circuit which uses a comb structure. This is a 
resonant structure with a very large slowing factor. The 
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Fig. 11—Resonant slow-wave circuits for masers. 
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inherent loss of such structures fabricated to date has 
been somewhat higher than that for structures using 
coupled ruby resonators. This structure requires the use 
of a lower bath temperature (1.4°K instead of 4.2°K) 
to obtain satisfactory net gain per unit length. The Bell 
Telephone Laboratories have developed this circuit for 
application in the frequency range of 1 to 6 kMc.7 A 
) gain of 23 db and a bandwidth of 25 Mc was reported 
| at C band. Electronic tuning of this circuit over the 
bandwidth of the structure has been achieved by vary- 
ing the magnetic field and the pump frequency. 


MASER SATURATION AND TR PROTECTION 


The presence of strong signals at the input to a 
maser will cause saturation with attendant reduction or 
complete loss of amplification. This occurs because a 
strong signal is capable of stimulating all of the excess 
maser ions stored in the high energy level to fall back 
to the low energy level. When the strong signal is re- 
moved, the maser recovers its gain as soon as the pump 
can restore the normal number of excess ions in the high 
energy state. For ruby this recovery time may be as long 
as 0.1 second. This corresponds to an interval of about 
10,000 miles in the radar range. Thus, it is obvious that 
steps must be taken to prevent these effects in a radar. 

The amount of gain reduction caused by a strong 
signal depends on both the amplitude and duration of 
the signal. Preliminary measurements indicate that 
typical radar-like repetitive pulse signals having ampli- 
tudes of about 100 microwatts will slightly degrade the 
gain of ruby masers. Similar pulses at a peak level of 
about 1 microwatt appear to be tolerable to the maser, 
» although they may produce other undesirable effects in 
_ the radar system. 

_ The leak-through pulse from a conventional radar 

TR circuit is of the order of 1 to 10 milliwatts, and, un- 
) less special care is taken, it will be applied directly to 
the maser input. Thus, for any radar which uses a com- 
mon antenna for transmitting and receiving, it is neces- 
’ sary to attenuate the TR leak-through pulse by 30 to 
40 db in order to assure no degradation of maser per- 
_ formance. 

Fig. 12 shows an early form of ferrite switch which 
was developed for this purpose. This switch is inserted 
between the TR tube and the maser used in an experi- 
mental radar. The driving coil is pulsed while the radar 
transmitter is on and operates with zero current during 
the receiving cycle. The normal mode of transmission 
_ of the waveguide is suppressed by the application of the 
dc magnetic field to the ferrite element. This provides 
more than 30 db of isolation over a 120-Mc band. The 


7R. W. De Grasse, E. O. Schulz-Du Bois, and H. E. D. Scovil, 
“The three-level solid-state traveling-wave maser,” Bell Sys. Tech. 
J., vol. 38, pp. 305-334; March 1959. Fae 

8 R. L. Forward, F. E. Goodwin, and J. E. Kiefer, “Application 
. of a Solid-State Ruby Maser to an X-Band Radar System,” Hughes 
Res. Labs., Malibu, Calif. Res. Rept. No. 105; June, 1959. 
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Fig. 12—Ferrite TR switch. 


insertion loss during the receiving cycle is less than 0.25 
db; thus, an uncooled switch contributes only about 
17°K to the noise temperature of the receiver. The 
maser gain was not affected by the TR pulse during the 
experimental radar tests mentioned above. It appears 
reasonable to expect that improved switches, refriger- 
ated if necessary, should contribute negligible noise to 
the receiver. The helium-cooled, four-port circulator 
shown in Fig. 9 can be switched to provide TR protec- 
tion without adding appreciable noise to the receiver. 


CRYOGENICS 


Almost all of the solid-state microwave maser ampli- 
fiers operated before 1961 have used helium-nitrogen 
double dewars. The dewar shown in Fig. 7 is a typical 
example. The inner dewar is fabricated of stainless steel, 
one of the few practicable materials which is impervious 
to helium. The outer dewar, which holds the liquid 
nitrogen, is made of glass. The dewar of Fig. 7 is some- 
what larger in diameter than many laboratory-type 
dewars because it was designed to contain a small per- 
manent magnet to provide the external dc field of the 
maser. The maser circuitry and magnet (see Fig. 8) are 
immersed in the reservoir of liquid helium. The long 
length of the dewar is required to provide sufficient 
thermal impedance in the thin-walled stainless steel 
waveguide which connects the cooled maser elements to 
the input-output port, which is at normal ambient 
temperature. 

An open-helium dewar, which is more suitable for 
systems use, is shown in Fig. 3. The function of the 
nitrogen bath of the previous dewar is performed by a 
radiation shield cooled approximately to liquid nitrogen 
temperature (77°K) by the helium gas as it escapes from 
the inner helium reservoir. The helium chamber is a re- 
entrant structure which enables the device to operate 
in any position. The maser circuitry must be installed 
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in the helium chamber before final assembly of the de- 
war. The input-output waveguide connections must be 
made through the small-diameter tubing which enters 
through the top. The waveguide must be specifically 
fabricated to have very high thermal impedance be- 
cause of its short length; the distance between the 
cooled maser circuits and the input-output ports is only 
about 1 foot, instead of the 3-foot length of the previous 
dewar. A waveguide made of plastic-impregnated fiber- 
glass with a very thin gold layer on the inner surface 
has been used for this purpose. 

Open dewars of the types described above can be de- 
signed for holding times of up to several days. For in- 
stallations in locations easily accessible to supplies of 
liquid helium and nitrogen, these dewars may provide 
satisfactory system designs. The application of masers 
to most operational systems, however, cannot be prac- 
tically accomplished until suitable closed-helium re- 
frigerators are available. 

Other workers in the field have supplied prototype 
helium refrigerators for masers for use in ground elec- 
tronic systems. The sizes, weights, and required power, 
reported for these units indicates that further engineer- 
ing is needed to make them practicable for some appli- 
cations. Progress of this nature is certain to occur in the 
near future. 

A compact helium refrigerator for airborne infrared 
detectors and masers has been developed at the Hughes 
Aircraft Company. The outline dimensions for a model 
intended for an airborne maser are shown in Fig. 4. 
Fig. 13 depicts the flow diagram for this device; a photo- 
graph of an early experimental model in which the com- 
pressor unit is air cooled is shown in Fig. 14. 

Helium gas is compressed to about 30 atmospheres in 
a two-stage compressor. This gas enters a counter-flow 
heat exchanger. As indicated in the flow diagram, about 
one third of the gas is made to enter an adiabatic ex- 
pansion engine after having been cooled to 80°K. 
Another one third of the gas is processed similarly by 
the second adiabatic expansion engine. By these proc- 
esses, the remainder of the gas is cooled to the critical 
temperature needed for Joule-Thomson cooling. After 
a typical cool-down time of less than 1 hour, the output 
of the Joule-Thomson nozzle is a two-phase mixture 
consisting of vapor and liquid at 4.2°K, assuming that 
the pressure in the return system is one atmosphere. 
This jet flows over a cold plate which is in thermal con- 


tact with the maser material and circuit. In this process ~ 


the liquid helium is changed to a vapor at the same 
temperature, thus withdrawing 650 calories of heat per 
liter from the cold plate. The maser circuitry, which 1s 
in a vacuum on the other side of the cold plate, must be 
so designed and connected with the outside world that 
the total heat flowing into it can be absorbed by the 
liquid helium being vaporized on the other side of the 
cold plate. This arrangement requires great care in the 
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Fig. 13—Flow diagram of closed-helium refrigerator. 


Fig. 14—Closed-helium refrigerator. 


design of the waveguides and in provision of adequate 
radiation shields. 

The development of an integral helium refrigerator 
for an airborne maser is in progress at the time of this 
writing. It is scheduled to be ready for flight test early 
in 1962. 


CONCLUSIONS 


In the light of the foregoing discussion, it seems reason- 
able to predict that the low-noise performance capabilities 
of masers will be of great importance in earth-to-space 
radar and communications systems. Ground-to-ground 
communications via satellites and radio and radar 
astronomy also present potential applications for 
masers. For many of these systems maser amplifiers 
should make possible the design of receivers for which 
the noise generated within the receiver is no longer a 
significant factor in limiting the detection range. 

For the present and near future, the principal system 
needs and maser performance capabilities lie in the fre- 
quency range of several hundred Mc to 10 or 15 kMe. 
This is the useful band of ruby, which is by far the most 
fully developed of presently known maser materials. 

Within the next few years it appears reasonable to 
expect that maser materials and techniques will be- 
come available for the lower millimeter-wave band. For 
many earthbound millimeter-wave systems, the very 
low noise performance of masers probably cannot be 
fully utilized because the external noise generated in the 
atmosphere is much greater in this band. However, if 
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millimeter-wave masers can be suitably reduced in com- 
plexity, they may play an important role because all 
other millimeter-wave receiving techniques now avail- 
able are extremely noisy. . 


APPENDIX [| 
STATE OF THE ArT OF RuBy MASERS—1961 


The following is the personal estimate of the authors 
regarding the performance that can be achieved within 
the present state of the art for ruby masers operated in 
open cryogenic systems. In general, the numbers given 
are intended to indicate the order of magnitude of the 
various detailed performance characteristics suitable 
for consideration in preliminary system designs. It can 
be expected that many of the numbers will change sig- 
nificantly during the next few years. However, no at- 
tempt is made here to predict these changes. 


Frequency Range 400 Me to 15 kMe 


Bandwidth 0.1 to 1.0 per cent of center 
frequency 

Gain 20 to 40 db 

Tuning Range 10 to 20 per cent 

Noise Temperature 10 to 30°K 

Dynamic Range 100 db 


Onset of Saturation (low duty cycle 
pulses) 
Recovery Time 
Weight of Maser-Dewar Unit (exclud- 
ing pump-power supply) 
1) with permanent magnet in dewar 
2) with external permanent magnet 
Weight of Pump-Power Supply 
Open Helium Dewars 
1) holding time 
2) size 
3) weight 
4) helium boil-off rate 
5) helium capacity 


10 watts peak 


0.1 second 


15 to 50 lbs. 
100 to 500 lbs. 
25 to 100 lbs. 


8 to 35 hours 

OST Koy JAS CeDU sit 

10 to 45 lbs. 

0.1 to 0.3 liters per hour 
2 to 10 liters 
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APPENDIX II 


TENTATIVE PERFORMANCE FOR CLOSED-CYCLE 
HELIUM REFRIGERATORS 


The following are intended as order-of-magnitude pre- 
dictions of the performance of helium refrigerators in 
1962-63 suitable for preliminary planning purposes for 
future electronic systems which may use masers. They 
represent the authors’ judgment based on rather com- 
plete information on cryogenic developments at the 
Hughes Aircraft Company and limited information on 
similar work elsewhere. 


Refrigerators for Ground Installations 

Cooling Capacity at 4.2°K 
Size 
Weight 
Power Required 
Life (between major overhauls) 

1) cryostat 

2) compressor 


+ to 1 watt 
Suton Okeue dit: 
100 to 500 Ibs. 
1 to 5 kw 


1000 hours 
5000 to 10,000 hours 


Refrigerators for Air- or Missile-Borne Applications 


+ to 4 watt 


2 


Cooling Capacity at 4.2°K 


Size [curt 
Weight 35 to 50 lbs. 
Power Required 1 to 2 kw 


Life (between major overhauls) 1000 hours 
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The Electron Beam Parametric Amplifier as a 
Radar System Component* 


R. ADLER}, FELLOW, IRE, AND W. S. VAN SLYCK{, SENIOR MEMBER, IRE 


Summary—Practical experience is now available with the Elec- 
tron Beam Parametric Amplifier (EBPA) used as a low-noise pre- 
amplifier in radar systems. Principles of operation of the EBPA are 
briefly recapitulated. Among its desirable characteristics are uni- 
lateral behavior, high stable gain and a double-channel noise figure 
(NF) of 1 db or less; its bandwidth, input and output impedance 
remain constant as gain is adjusted. An L-band amplifier is de- 
scribed in detail. A discussion of various ways of handling the idler 
channel follows. The technique of in-pass-band pumping achieves an 
effective NF of 2.5 db or better in radars with conventional detection. 
Complications arise with Moving Target Indicator (MTI) systems; 
remedies are described. 

The paper reports on field tests in which these techniques were 
used, including a few flight tests. The results show substantial im- 
provements in sensitivity and range. They also spotlight the ability 
of the EBPA to tolerate high overload and to act somewhat like a 
TR switch. 


INTRODUCTION 
LITTLE more than two years have passed since 
the first report on successful operation of a low- 
noise Electron Beam Parametric Amplifier 


(EBPA) appeared in the technical literature.t Since 
then, several papers have been published which dealt 
with the theory of the amplifier,? compared its perform- 
ance with that of diode amplifiers’ and discussed further 
developments.‘ Little has been said about applications. 

A good deal of practical experience is now available 
regarding the performance of the EBPA as a low-noise 
preamplifier in radar systems. This paper reports on 
that experience. Because the EBPA is not yet widely 
known, a brief review of its operation may be in order. 

Fig. 1 illustrates, in highly schematic form, the essen- 
tial functions. The amplifier consists of three separate 
sections: the input coupler, the quadrupole, and the 
output coupler. An electron beam traverses these three 
sections. It is held together by a homogeneous magnetic 
field. 

The input coupler is made up of a pair of parallel 
plates, arranged somewhat like the deflection plates in 
a cathode-ray tube. In response toa signal, it generates 
transverse electron motion. The intensity of the mag- 


* Received by the PGMIL, January 17, 1961. 

+ Zenith Radio Corp., Chicago, III. 

1 R, Adler and G. Hrbek, “A low noise electron beam parametric 
amplifier,” Proc. IRE, vol. 46, pp. 1756-1757; October, 1958. 

2R. Adler, G. Hrbek, and G. Wade, “The quadrupole amplifier, 
a low noise parametric device,” Proc. IRE, vol. 47, pp. 1713-1723; 
October, 1959. 

3 C, B. Crumly and R. Adler, “Electron beam parametric ampli- 
fiers,” Electronic Ind., vol. 18, pp. 73-76; November, 1959. 

47. J. Bridges and A. Ashkin, “A microwave Adler tube,” Proc. 
IRE, vol. 48, pp. 361-363; March, 1960. 
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Fig. 1—Noise and signal flow in the EBPA. 


netic field is adjusted to produce cyclotron resonance 
for electrons at the center frequency of the signal band. 
An incoming signal then causes electrons to spiral with 
increasing radius as they travel through the coupler 
region; eventually the entire energy of the signal is con- 
verted into energy of electron motion. 

In the output coupler, the inverse process takes 
place; the transversely-moving beam induces current in 
the coupler plates, and if they are correctly loaded, all 
the signal power carried by the beam is extracted. A 
tube containing only input and output couplers thus 
acts like an isolator. 

The mechanism which permits a ioad_ properly 
matched to the output coupler to extract a signal pre- 
viously impressed upon the beam: also operates in the 
input coupler; there it removes noise from the beam and 
directs it toward the signal source. The combined effect 
of the two couplers is equivalent to that of two three- 
port circulators, connected by a unilateral energy trans- 
fer device. This equivalence, fundamental to the be- 
havior of the EBPA, is illustrated in Fig. 2. 

The quadrupole is inserted between input and output 
couplers. A parametric process causes the radius of the 
spiraling electron motion to increase exponentially. 
This is accomplished by driving the quadrupole with a 
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| pump signal of approximately twice the cyclotron fre- 
| quency. Because the signal and cyclotron frequencies are 
| approximately equal, the ratio between pump frequency 
) and signal frequency is also about 2:1. The action of the 
quadrupole has been explained in detail in the literature.” 

Many of the characteristic properties of the EBPA 
are easily understood. Most important perhaps is its 
unilateral behavior; this results from the one-way action 
of the electron beam which, like a conveyor belt, trans- 
fers the signal from input coupler to amplifying section 
to output coupler. There is no return path, no chance 
of feedback or instability. 

The circulator-like behavior of input and output 
couplers is important in practice; it renders the im- 
pedances of these couplers independent of each other, 
and they do not change when the pump is turned on or 
off. The coupler circuits alone determine the bandwidth 
of such an amplifier; quadrupole construction and pump 
power determine its gain. Bandwidth and gain are thus 
independent of each other. 

The noise figure (NF) of an EBPA, measured with a 
broad-band noise source, should in principle be unity, 
or 0 db.® In practice, unavoidable circuit losses pius 
small residual contributions from the electron beam add 
up to 1 db or less. Figures as low as 0.6 db have been 
measured. 


L-BAND AMPLIFIERS 


The radar applications covered by this report-all em- 
ploy frequencies in the vicinity of 1300 Mc. Fig. 3 shows 
the RF head of an amplifier for this frequency range.® 
Most of the box is taken up by a solenoid; inside the 
+ solenoid, the EBPA tube is mounted in a capsule which 
provides a broad-band match between the clearly visible 
input and output lines and the corresponding couplers 
hidden inside the tube. 

Fig. 4 illustrates the signal transfer mechanism; the 
Cuccia coupler plates, show on the extreme right with 
the deflected electron beam sketched in, are tuned to the 
center of the signal band by a single-turn inductance 
mounted inside the tube envelope close to the glass. 
Outside the envelope there is a second tuned circuit, 
magnetically coupled to the single turn inside. The ex- 
ternal-tuned circuit is matched to 50 ohms by means of 
a low-impedance quarter-wave line section. 

Fig. 5 shows a 1300-Mc tube, the two external coupling 
devices and the metal shell which surrounds them. 
Mutual coupling between internal and external circuits 
is adjusted by rotating the two external coupling 
devices. 

The external-tuned circuit, the internal-tuned circuit, 


5R. Adler, “Parametric Amplification of the Fast Electron 
Wave,” presented at the Conf. on Electron Tube Res., Berkeley, 
Calif.; June, 1957. See also Proc. IRE, vol. 46, pp. 1300-1301; June, 
1958. 

6 C. B. Crumly and R. L. Cohoon, “A Low Noise Electron Beam 
Parametric Amplifier at L-Band,” presented at the Electron Devices 
Conf., Washington, D. C.; October, 1960. 
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Fig. 2—Circulator action of the input and output couplers. 


Fig. 4—Inductive transfer of signal energy through the tube envelope. 


Fig. 5—L-band capsule. (a) EBPA tube. (b) External coupling 
devices. (c) Shell for mounting in solenoid. 


and the resonant electron beam associated with each 
coupler form simple band-pass filters which are adjusted 
to provide a good impedance match between the elec- 
tron beam and a 50-ohm line over a band of about 80 Mc. 
The NF is best in the center of this band (1 db, often 
better) and remains good (1.0-1.5 db) over about 50 
Mc, rising near the edges of the 80-Mc band. 
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HANDLING OF THE IDLER CHANNEL 


Any report on the use of an EBPA ina radar receiver 
must be preceded by the answer to a most important 
question: What was done about the idler? The EBPA 
is a parametric device. Like all other parametric devices, 
it amplifies signals not only at the nominal signal fre- 
quency but also at the idler frequency, the difference 
between pump and signal frequencies. With an EBPA, 
the pump frequency is never far from twice the signal 
frequency; in fact, the idler frequency must le within 
the pass band of the input coupler to ensure removal of 
idler frequency beam noise. Signal and idler may be as 
much as 50 Mc apart, but this is still only a few per cent 
at 1300 Mc. Fig. 6 gives an example for the positions 
of signal, idler, and one-half pump frequency within the 
input coupler pass band. 

Signals and noise can enter the amplifier equally well 
on signal and idler channels. Signal energy may be pres- 
ent in only one of these channels; noise unavoidably 
exists in both. Even if the amplifier were perfect and 
contributed no noise whatever, the thermal noise from 
the idler termination would still appear in the output; 
this noise must be counted against the EBPA, since no 
similar noise source exists in conventional amplifiers. 
This extra noise does not show up when the NF is 
measured with a broad-band noise source, because such 
a source feeds power into both channels [Fig. 7(a) |. The 
case of signal energy in one channel only, with the idler 
channel terminated separately in a resistance Ko, is 
illustrated in Fig. 7(b); if Ro 1s at room temperature, 
3 db must be added to the broad-band (or double- 
channel) NF of the EBPA to obtain its effective single- 
channel NF. 

Sometimes an antenna is aimed at a point in the sky 
high above the horizon. In such cases it is best to use 
no filter at all and Jet the sky act as idler termination 
[Fig. 7(c)]. If the EBPA can be located close to the 
antenna, and if the increase in idler termination tem- 
perature produced by duplexer and TR losses can be 
kept low, single-channel performance is very good. Such 
an arrangement is particularly interesting because the 
EBPA needs little TR protection; more about this later. 

In many radars, on the other hand, the antenna is 
aimed at the horizon, and often duplexer and TR losses 
are large enough to bring the effective noise tempera- 
ture of the idler termination close to 290°K. The ar- 
rangement of Fig. 7(c) is then not particularly good. Is 
there another solution? 

If the noise contribution from the idler channel could 
somehow be completely suppressed, the amplifier would 
perform in accordance with its double-channel NF of 1 
db or so. When an idler channel brings in noise but no 
signal power, the signal-to-noise ratio is cut in half. 
What happens when the pump frequency is so chosen 
that signal and idler channels coincide, so that both 
carry signal power? Because the phase of a radar echo is 
not known in advance, it is not possible to arrange for the 
signal contributions from the two channels to cooperate 
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under all circumstances; instead, they will combine in 
random phase relationship. Still, on the average, the 
signal recovered by this method is larger’ than if the 
idler channel carried no signal power; the required aver- 
aging process occurs on the scope face or in the eye 
whenever several echos from a given target arrive in 
quick succession. The technique (Fig. 8) has become 
known as in-pass-band pumping; the pump frequency 
need not be accurately twice the transmitter frequency, 
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Fig. 6—Suitable positions of significant frequencies 
in the EBPA pass band. 
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lig. 7—Different ways of handling the idler channel: (a) Broad- 
band noise measurement. (b) Separate idler termination. (c) 
Idler terminated in sky. 
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Fig. 8—In-pass-band pumping. 


7R. Adler, “Electron beam parametric amplifiers with synchro- 
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even though frequency doubling has proved a conveni- 
ent method for generating the pump signal. 

It has been found that in-pass-band pumping produces 
an effective single-channel NF only 1.0 to 1.5 db poorer 
than the double-channel NF of the EBPA. Using tubes 
available today with a double-channel NF of 1 db re- 
sults in single-channel performance corresponding to 2.0 
to 2.5 db. The tubes employed in the experiments re- 
ported here were built earlier and were about 0.2 to 
0.5 db poorer. 


FIELD TEST RESULTS 


Table I lists experimental results obtained in five dif- 
ferent L-band radar installations and on one TACAN 
site. Conventional detection and in-pass-band pumping 
were used throughout. 


TABLE | 
Noise Figure 
Improvement : 
MDS : 
See soak (double- as Source 
Eqaipment channel improve: Termination 
; ment 
over 
original) 

FPS-8 Radar ee 
Rome, N. Y. <P 9 antenna 
ARSR-1 Radar 
Wayland, Mass. 4.9 4.0 dummy load 
MPS-11 Radar 
Glenview, IIl. 8.1 7.0 antenna 
AASR-1 Radar 
North Bay, Ont., Canada Sas) 4.5 dummy load 
GRN-9B TACAN 
Patuxent River, Md. OLS 4.3 dummy load 
MPS-11 Radar 
Jacksonville, N. C. 8.3 7-10 antenna 


The improvement in MDS (minimum discernible 
signal) was determined on an A scope by operators on 
the various radar sites. Specialized test equipment was 
used on the TACAN. In the first and last case listed, 
the observed MDS improvement was _ substantially 
larger than might have been expected from the NF im- 
provement; this difference was probably caused by low 
antenna temperature. 

In the location listed last on the chart, controlled 
flight tests were made. Typically, a test plane few along 
a fixed radial at constant altitude. Each time the an- 
tenna swept across the selected azimuth, the spot 
painted on the PPI scope was graded by the operators 
as follows: 1) persistent for the entire scan; 2) for only 
half the scan; 3) barely visible. Grade and distance were 
recorded. The results were quite reproducible and there 
was no noticeable fluctuation from scan to scan. In these 
tests, a 70 per cent increase in range after insertion of 
the EBPA was observed on one day, and a 45 per cent 
increase on another. The 70 per cent figure corresponded 
to in-pass-band pumping; the 45 per cent figure was ob- 
tained with the pump detuned sufficiently to separate 


the idler channel completely from the signal channel. 
Similar comparisons in other cases, but using A-scope 
presentation and simulated signals, gave a difference of 
2.5-3.0 db between in-pass-band and out-of-pass-band 
pumping. While these observations would indicate that 
nearly all the detrimental effect of the idler is removed 
by in-pass-band pumping, a more conservative estimate 
assumes that a residual impairment exists. This may be 
1.0 to 1.5 db, as mentioned before. 

In the experiments described, in-pass-band pumping 
was not used in connection with MTI circuits. The 
presence of an extra signal from the idler channel, 
bearing an arbitrary phase relation to the main signal, 
would upset MTI circuits. Several of the radar in- 
stallations where experiments were made contained 
a time-gated mode switch. This is usually operated 
in such a manner that the MTI circuits are acti- 
vated up to a certain maximum range; then a switch- 
over is made to conventional detection in order to take 
advantage of the better sensitivity of this mode. An ad- 
justable timing circuit triggers the change-over a given 
number of microseconds after each transmitter pulse. 

A practical arrangement which has proved highly suc- 
cessful in the field tests takes advantage of this range 
controlled switching (Fig. 9). The change-over trigger is 
employed to perform a second, simultaneous switching 
operation. At close range, while the receiver is in MTI 
mode, the pump frequency is set a few megacycles away 
from synchronism, thus placing the idler outside the IF 
band. When the receiver is switched to conventional 
detection at longer range, the pump frequency is shifted 
to near-synchronism. With an EBPA having a double- 
channel NF of 1 db, the effective single-channel NF is 
then 4 db or better at close range and 2.5 db or better at 
long range. This system maintains full subclutter visi- 
bility during MTI operation while providing optimum 
visibility for weak signals at long range. 

A variant of this arrangement takes advantage of an 
unusual property of the EBPA: With the pump turned 
off, the EBPA becomes a simple isolator with about 1-db 
insertion loss. The gain of the EBPA can thus be varied 
smoothly from —1 db to the desired maximum of 20 
or 30 db by gradually increasing the pump power; this 
has no effect on input and output impedances. A timing 
voltage, again derived from the transmitter pulse, is em- 
ployed to turn the pump on gradually, starting at some 
intermediate range where NF improvement becomes 
important while fixed targets become weaker. This mode 
of operation automatically provides a certain amount 
of sensitivity-time control. 

In some cases, it is sufficient to turn the pump on and 
off abruptly, instead of gradually. This simple arrange- 
ment is shown in Fig. 10. 

Can an EBPA be used in connection with a coherent 
MTI radar in such a way that signa! and idler channels 
coincide and cooperate? This method, often referred to 
as synchronous pumping, was suggested several years 
ago by K. G. Eakin, then of Rome Air Development 
Center. The idea was to synchronize the pump generator 
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Fig. 10—Simplified mode switching for MTI radar. 


with the second harmonic of the transmitted signal fre- 
quency and to take advantage of a properly which a syn- 
chronously pumped parametric amplifier shares with the 
phase detector used in MTI circuits: both respond to 
one signal component (say, cosine 8), but reject the cor- 
responding quadrature component (sine @). Eakin 
showed that when the pump generator is properly 
phased, the entire output from the parametric amplifier, 
including signal and idler components, is accepted by 
the phase detector; the sine 6 component rejected by the 
parametric amplifier would be suppressed by the phase 
detector in any event. For weak signals (below limiting 
level) one would therefore expect normal MTI opera- 
tion with a sensitivity in accordance with the double- 


channel NF of the parametric amplifier, without im- 
pairment. 

Such a system was tested in Rome, N. Y., early in 
1960.8 Eakin’s prediction with respect to performance 
under weak signal conditions was fully confirmed. 
Later, however, it was found that a substantial impair- 
ment of subclutter visibility occurs whenever fixed 
target clutter exceeds limiting level. Since MTI circuits 
do most of their useful work at close range where fixed 
target echos are quite intense, the system has little 
practical utility when used with a limiting IF amplifier. 
It has been suggested that a substantial improvement 
might result from the use of a logarithmic IF; this has 
not yet been tested. 

Up to this point, attention has been focused on MDS 
improvement and on pumping methods. However, there 
are other experimental observations which deserve to be 
recorded; they bear on the question of whether an 
EBPA should be used in a specific installation. 

The amplifiers have shown their expected bandwidth 
of about 50 Mc with good NF. Gain of at least 30 db 
has always been available. Stability has been very good; 
amplifiers installed on radar sets have been turned on 
and off many times over periods of weeks without 
noticeable change in performance. While the total 
number of hours accumulated in any of the test instal- 
lations was not large enough to qualify as a life test, 
amplifiers have operated in the laboratory for more than 
5000 hours without observable change. 

The EBPA has a number of unusual properties which 
may become important in some instances. For example, 
phase stability was found to be better than +2° over 
periods of many hours. Gain stability is primarily a 
function of pump power regulation; at 20-db gain there 
is a variation of 1.3 db for 10 per cent change in pump 
power. Two amplifiers operated from a common power 
supply and common pump remained within +0.5 db of 
each other, even though pump power was varied to pro- 
duce a +5-db gain adjustment. These properties are de- 
sirable in phased arrays. The high stability is main- 
tained under environmental extremes. 

The input-vs-output characteristic of the EBPA is 
unusually linear up to the point at which the excursion 
of the beam causes it to touch the output coupler. Thus 
linearity continues up to saturation. This is quite un- 
usual for a low-level amplifier. 

Once saturation is reached (about —10 dbm in 1300- 
Mc tubes), the output from the EBPA decreases again. 
The crystal mixer which follows can never be damaged, 
regardless of signal level. Whether the EBPA is turned 
on or turned off, this protection remains. It can result 
in a substantial reduction in down-time. 

The protective feature just mentioned is particularly 
useful because the input structure of an EBPA is quite 


* “High-frequency radar amplifier,” Proc. IRE (News), vol. 
48, pp. 174A-178A; June, 1960. 


rugged and can dissipate substantial transmitter leak- 
age. A large signal causes the beam to spread and strike 
the input coupler plates. Since beam current is only 
about 50 wa, this is harmless. Once the beam disappears 
from its assigned location inside. the input coupler, the 
input impedance becomes highly reactive; the stand- 
ing-wave ratio of the input coupler changes from unity 
at low input levels to about 10 or more at overload 
levels. Thus, the EBPA not only withstands large 
amounts of incident power, but also reflects most of 
this power. Yet, after the overload is removed, it re- 
turns instantly to normal. These are the essential char- 
acteristics of a TR device. A substantial part of the TR 
function thus can be absorbed by the EBPA, with con- 
sequent improvement in system NF as well as reduced 
maintenance, down-time, and cost. 

In this connection, it may be of interest to relate an 
incident which occurred on an MPS-11 radar at Glen- 
view, Ill. This installation was operated for approxi- 
mately one hour with the EBPA in place, with a broken 
TR tube. Operation was not normal at close range, but 
appeared almost normal at long range. After the trouble 
was located, the TR tube was replaced and everything 
went back to normal; there was no change in the NF of 
the EBPA nor of the crystal mixer behind it. 


NEW DEVELOPMENTS 


The field tests reported in this paper were all made in 
ground installations. Power consumption, weight and 
size of the EBPA are of no particular interest in these in- 
stallations. For other uses, weight and size are undesir- 
ably large. Furthermore, while the present EBPA tubes 
are quite rugged, they are not rugged enough for many 
applications. Their main disadvantage, perhaps, is that 
they are not tunable; each tube is equipped with fixed- 
tuned internal circuits which determine the signal fre- 
quency band. 

A metal-ceramic version of the EBPA (Fig. 11) is now 
in the final stage of its development. This isa much more 
compact structure which does not include built-in in- 
ductances. Instead, low-inductance leads to the couplers 
and quadrupole are brought out radially through the 
ceramic envelope, permitting a great variety of external 
circuits. These tubes may, for instance, be tuned over a 
200-Mc band centered at 1300 Mc by a simple tuning 
mechanism. They can be build alike for a wide range of 
frequency bands. Naturally, the metal-ceramic struc- 
ture is extremely rugged with respect to shock, vibration 
and temperature. Because there is no need for two tuned 
circuits to be associated with each coupler as is the case 
with the glass tube, the circuit losses in the input coupler 
are somewhat less in the ceramic tube, resulting in a 
further improvement in NF. 

In considering the possibility of EBPA tubes for S- 
band and higher frequencies, it should be remembered 
that an amplifier operating at 4140 Mc was described 
some time ago.‘ Tubes of this kind can probably be 
built up to the X-band region. 


Fig. 11—Metal-ceramic EBPA tube. 


It would be highly desirable to dispense with the idler 
by making the pump frequency many times higher than 
the signal frequency, an arrangement commonly used in 
diode amplifiers. Removal of the idler would be useful 
from the standpoint of use in MTI circuits, even though 
the advantage obtained with conventional detection 
would be only slight. 

The task of constructing a low-noise nondegenerate 
EBPA is not easy. Early experimental results along this 
line were reported last year;* the tube was pumped with 
2000 Mc and amplified a signal frequency of 400 Mc. 
Its noise performance was not good. Experimental and 
theoretical work has continued since; at least one of the 
sources of the unexpected additional noise was found 
and eliminated. This, however, is not the whole story; 
a substantial effort is now underway to determine the 
nature of the remaining noise and the possibility of its 
removal. It is too early to say whether the nonde- 
generate EBPA will eventually match the low-noise 
performance of its present near-degenerate prototype. 


CONCLUSION 


Summing up, the EBPA has proved its worth as a 
radar preamplifier; its high stable gain, its ability’ to 
cope with heavy overload, to protect the mixer crystal, 
and to recover instantly have proved valuable. Difficul- 
ties which stem from the presence of the idler channel 
have been largely overcome by the technique of in- 
pass-band pumping. Field tests show that for conven- 
tional detection and PPI presentation, the effective 
noise figure achieved with this simple technique is 2.5 db 
or better. Complications arise in connection with MTI 
circuits; they can be circumvented if a somewhat poorer 
noise figure during MTI operation is acceptable. 

The EBPA is probably the only low-level amplifier 
which doubles as a TR device. 

A new metal-ceramic tube, designed for operation at 
L band and below, promises increased ruggedness. It 
also gets away from built-in tuned circuits and permits 
the construction of tunable amplifiers. 


9C. B. Crumly, “Recent Advances in Nondegenerate Cyclotron 
Wave Amplifiers,” presented at the Conf. on Electron Tube Re- 
search, Seattle, Wash.; June, 1960. 
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Design Considerations for Parametric Amplifier 
Low-Noise Performance* 


C. R. BOYD, Jr.?, MEMBER, IRE 


Summary—The basic characteristics of parametric amplifiers 
are reviewed briefly, with particular emphasis on the limitations on 
low-noise performance resulting from diode losses. Normalized 
curves showing the minimum excess temperature of a parametric 
amplifier for various spectrum arrangements are presented, where 
the normalizing factor is the degenerate-mode gain cutoff frequency. 
Experimental evidence consisting of noise figure measurements on 
an X-band amplifier is used to relate this cutoff frequency to an 
easily and commonly measured diode quality factor. Design con- 
siderations for a hypothetical L-band parametric amplifier are dis- 
cussed to illustrate the implications of the noise analysis. 


* +]. INTRODUCTION 


N impressive amount of literature!? has been pub- 
lished on the subject of parametric amplifiers in 


the past few years. Most of this literature has 
been either concerned with or stimulated by the possi- 
bilities of low-noise performance from such circuits. 
However, a quantitative formulation of the performance 
limitations of semiconductor-diode amplifiers has been 
developed only comparatively recently.*~ 
In this paper, the basic characteristics of parametric 
amplifiers are reviewed briefly, and the limitations on 
low-noise performance resulting from diode losses are 
examined. Normalized curves showing the minimum ex- 
cess temperature of a parametric amplifier for various 
spectrum arrangements are presented, where the nor- 
malizing factor is the degenerate-mode gain cutoff fre- 
quency. Experimental evidence consisting of noise figure 
measurements on an X-band amplifier is offered as a 
means of relating this frequency to the usual “cutoff 
frequency” as measured on an unpumped diode.® 
Finally, design considerations for a hypothetical L-band 
parametric amplifier will be discussed to illustrate the 
implications of the noise analysis. 


II. Bastc CONSIDERATIONS FOR Lossy 
PARAMETRIC AMPLIFIERS 


When used in parametric amplifiers, the semiconduc- 
tor diode is customarily represented as a _ voltage- 


* Received by the PGMIL, January 17, 1961. 
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variable capacitor in series with a fixed resistor. Meas- 
urements of contemporary diodes in the useful reverse- 
biased region have shown experimentally that the as- 
sumption of a constant series resistance, R,, is reason- 
ably valid,’ and this is the principal justification for 
assuming such an equivalent circuit. In the parametric 
amplifier, the diode is “pumped” by a frequency, fp», and 
excited by a signal frequency, fo. In addition, the circuit 
loading on the diode at the difference frequency, 
f_1=f»—fo, is carefully controlled. 

Since the amplitude of the pumping voltage is gen- 
erally very large compared to the information-carrying 
frequencies, the capacity C(v) of the diode is assumed to 
vary only as a result of the former. Thus the pumping 
circuit exhibits essentially nonlinear, large-signal be- 
havior, so that variations at harmonic rates are pro- 
duced. If the capacity-voltage characteristic and the 
time variation of voltage are known, it is possible to 
generate the waveform of capacity vs time. This can be 
done analytically® if the capacity-voltage law is known, 
or graphically® if only an experimental curve is available. 
With the use of a single-frequency pumping voltage, the 
variation of capacity in time will be periodic at the 
pumping rate, and is expressible as a Fourier series in- 
volving harmonics of the pumping frequency. 

For the sake of convenience in handling the diode 
losses in subsequent analysis, it is desirable to use elas- 
tance as the variable parameter rather than capacitance.® 
The variation in time of the diode elastance a(v) = 1/C(v) 
may then be represented by the complex Fourier series, 


a(t) Ds Fmerm rttdn) (1) 


m=—o 


where w,=2zf, and ¢, is a reference phase angle. If the 
elastance is assumed to be hysteresis-free, the o(t) wave- 
form will have even symmetry. The reference phase 
angle ¢, is then chosen such that the o,, coefficients are 
pure real, with o_,, =o, a necessary condition. By in- 
ference, then, the instantaneous applied pumping volt- 
age v,(t) has been taken as 


vp(t) = Vy COS (apf = by); (2) 


where V, is its peak value. 


7A. Uhlir, Jr., “The potential of semiconductor diodes in high 
frequency communications,” Proc. IRE, vol. 46, pp. 1099-1116; 
June, 1958. 

§ M. Uenohara, “Noise consideration of the variable capacitance 
PS amplifier,” Proc. IRE, vol. 48, pp. 169-179; February, 
_ *S. Sensiper and R. D. Weglein, “Capacitance and charge coeffi- 
cients for parametric diode devices, “Proc. IRE, vol. 48, pp. 1482- 
1483; August, 1960. 
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The voltage drop across a(t) which results from com- 
plex currents J) and J_, flowing at frequencies wo and 
w_1 1s given by 


; Loe ne 
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m=—w 


The voltage components of the above relationship 
which have frequencies other than wy and w_; are im- 
portant only if they produce current flow at those [re- 
quencies. If the diode is open-circuited at frequencies 
other than wy and w_;, the existence of these other small- 
signal voltage components is merely incidental, and they 
may be dropped from the analysis. What is left is the 
following: 
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The bracketed terms in the above relationship may be 
recognized as complex voltages, and defined as Vo and 
V_4*, at wo and w_4, respectively. Once this has been 
done, it is possible to formalize the V-J properties of the 
circuit in an impedance matrix: 


; = inline: ak, . 70 
Vo He te 
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The main-diagonal terms of this matrix represent the 
equivalent static series reactance of the mixer, which 
appears at both the signal and upper sideband ports. 
The effect of pump level on a» and, hence, on this re- 
actance is generally of secondary importance, so that 
the over-all effect is very nearly that of an ordinary 
capacitive reactance. However, the off-diagonal terms, 
which describe the coupling between w) and w 1, are 
strongly dependent on the pumping level because of the 
g, term. The nonreciprocal nature of the interaction is 
demonstrated by the amplitude inequality of the off- 
diagonal terms, which is simply an expression of the 
Manley-Rowe relation:!” 


| aes c fai (6) 
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For the single-diode system under consideration here, 
the assumption of incommensurate signal and pump 


10 7, M. Manley and H. E. Rowe, “Some general properties of 
nonlinear elements—part I. General energy relations,” Proc. IRE, 
vol. 44, pp. 904-913; July, 1956. 
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frequencies permits an arbitrary choice of ¢,; hence, it 
will be conveniently set equal to zero. 

The impedance matrix of (5) is representative thus 
far of the lossless case only, but it may be converted into 
the lossy case matrix by the addition of R, terms into 
the main-diagonal elements. However, a more useful 
representation for the parametric amplifier interaction 
than the impedance matrix is the scattering matrix. 
This conclusion follows from the definition of amplifier 
input and output as incident and reflected waves, and 
the amplifier gain as the power reflection coefficient as- 
sociated with a transmission line terminated in a 
pumped diode. The general rules for formulating the 
scattering matrix of a network whose impedance matrix 
is known have been summarized by Dicke." In a recent 
paper, the author has outlined in detail the procedure 
for computing the scattering matrix of a general para- 
metric mixer and for subsequently evaluating the gain 
and noise figure performance of such a mixer through 
the use of its scattering matrix elements. 

Briefly, this technique involves first the derivation of 
the lossless mixer scattering matrix S from its properly 
normalized impedance matrix, using the matrix relation- 
ship: 


S=(Z—1)(Z+4 1)". : (7) 


In this initial derivation, the bulk resistance, R,, is 
lumped in with the signal and sideband loads. The KR, 
terms are then separated from the external loads, and 
auxiliary scattering matrices are written to describe the 
scattering between the R,, external load, and lossless 
mixer portions of the circuit, at both the signal and side- 
band frequencies. The elements of the auxiliary matrices 
and the lossless matrix elements are finally combined to 
yield the scattering matrix S’ for the lossy mixer. This 
final matrix has four rows and four columns for the 
simple mixers considered here, which is consistent with 
the observation that input power can be delivered to 
four possible loads. From a microwave point of view, the 
mixer is equivalent to a lossless junction which inter- 
connects four terminated transmission lines, such as 
shown in Fig. 1. 
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Fig. 1—“Junction” model of a parametric amplifier. 


1 C, G. Montgomery, R. H. Dicke, and E. M. Purcell, “Principles 
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Book Co., Inc., New York, N. Y., vol. 8, pp. 146-148, 288-289, 
1948. 

2 C. R. Boyd, “A generalized approach to the evaluation of N- 
frequency parametric mixers,” Proc. Natl. Electronics Conf., vol. 16, 
pp. 472-479; October, 1960. 
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For the parametric amplifier, the gain, KA, is given 
by the squared magnitude of the reflection coefficient 
at the signal port; 7.e., 


Keo Si 


2 (8) 


The excess temperature," 7.,, of a parametric amplifier 
is the equivalent noise temperature associated with the 
gain-normalized noise in the amplifier output wave 
which is not a consequence of noise incident on the am- 
plifier in an input wave. This excess noise is the result 
of a black-body radiation into the “junction” of Fig. 1 
from the loads R, at fo and f_1, and from R_; at fu, which 
is subsequently scattered to the signal port. Since the 
noise waves from these sources are uncorrelated, they 
are summed power-wise, with the result 
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It is readily shown that the most favorable band- 
center condition for the parametric amplifier with re- 
spect to noise figure is that in which the signal and lower 
sideband circuits are resonated independently. For this 
circumstance, the steps outlined above are readily 
carried out; the parametric amplifier gain is found to be 
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erate mode amplifier, where wo and w_; are essentially 
equal. In order to obtain maximum stable gain with this 
configuration, it is necessary to adjust the values of Jo, 
R_, and o so that the following relationship holds at 
the particular frequency of operation fo: 


Oo, 


= = . (13) 
Qrv/(Ro + Rs)(R-1 + Rs) 
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If an attempt is made to increase fo, the value of 
must be increased, or the mixer loads reduced. In a 
practical diode capacitor, the largest value o1 max to 
which g; can be raised is limited by forward conduction 
and reverse breakdown. The external loads Ro and R_; 
can, of course, be set equal to zero, so that the maximum 
frequency fp for infinite gain (or border-line instability) 
is found to be 


01 ax 
fo = 22. 


14 
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At this frequency, which Kim™ has defined as the dy- 
namic cutoff frequency of the diode, the complete de- 
coupling of external loads means that only the thermal 
noise from R, can be amplified. 

This parameter, fp, is a meaningful and useful tool 
for characterizing the performance of lossy parametric 
amplifiers. For the more general case of a nondegenerate 
parametric amplifier, the infinite-gain condition is given 


= - —) (10) 
aie AE by (12). Since fo and f_; are not degenerate, the equiva- 
| cr + R)(Raa + Re) — re lent cutoff situation is, by analogy, 

and its excess temperature at band-center is given by Noa (15) 
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III. Loap CONSIDERATIONS IN Lossy 
PARAMETRIC AMPLIFIERS 


Experience indicates that the lossy parametric am- 
plifier is capable of arbitrarily large gains, and the load 
condition which makes this possible is evident in (10) 
above. The denominator of this gain expression can be 
made to vanish by satisfying the requirement 


(OER Renae eee 


WoW 


(12) 


The form of this load constraint implies an upper fre- 
quency limit of operation for the lossy parametric am- 
plifier. For example, consider the case of the quasi-degen- 


13 W. W. Mumford has pointed out to the author that the 
quantity “excess temperature” as used in this paper is synonymous 
with the IRE standard definition “effective input noise temperature.” 
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That is, when the geometric mean of the signal and side- 
band frequencies is equal to the dynamic cutoff fre- 
quency, the external loading at both frequencies must 
be reduced to zero in order to obtain infinite gain. 

The introduction of the concept of the dynamic 
cutoff frequency, fn, enables the load constraints to be 
specified concisely. Thus, the maximum external load- 
ing for infinite regenerative gain occurs for the degen- 
erate mode case when 


atrntey= RF as 


Jo 


The equivalent condition for the nondegenerate para- 


ate C.'S. Kim, “Four-Terminal Equivalent Circuits of Parametric 
Diodes,” G. E. Co. Rept. R59E2S-15, p. 19; February, 1959. 
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metric amplifier is 


(R, = Ro) (Rs “- R_,) = Re Ss 


(17) 
fof-1 


The band-center gain expression of (10) may then be 
modified to incorporate the parameter fp: 


(18) 


The particular manner of writing (18) demonstrates 
that the effect of idler loading on the band-center gain 
of the parametric amplifier is equivalent to reducing 
the quality of the diode. A reduced dynamic cutoff fre- 
quency, fr, may be defined such that 


1 fr/V fof 16 


Fig. 2—Parametric amplifier constant midband gain characteristics. 
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in which case the amplifier gain expression becomes, 
Ry ire a 
ee (a ge ee 
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A family of curves showing the way in which gain, 
loading, and frequency parameters are related has been 
plotted in Fig. 2, using (20). For the special case of 


the quasi-degenerate mode amplifier, the source and 
idler loads are equal; then (18) may be written as 


(20) 
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Fig. 3—Degenerate amplifier constant midband gain characteristics, 
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The curves of Fig. 3 show the manner in which gain, 
loading, and frequency are related according to (21). 


IV. OptimizinGc Lossy PARAMETRIC AMPLIFIER 
Excess TEMPERATURE 


The constraint imposed on the external loading of a 
parametric amplifier by the series loss resistance R, 
in conjunction with the dynamic elastance a; sets a defi- 
nite lower limit to the excess temperature which can be 
obtained under high-gain conditions for a given signal 
frequency and a given diode dynamic cutoff frequency. 
The first step in demonstrating this limitation is to in- 
corporate the high-gain condition of (12) into the 
amplifier excess temperature expression, (11). This 
leads to the high-gain, band center excess temperature, 


He Ses fo Kea + IRS DP 5) 
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Ry 
Of course, R_; and Ry are related by (17) as follows: 
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After substitution for R_; in (22), it is possible to find 
the input loading which minimizes the excess tempera- 
ture. In the case of any parametric amplifier operated at 
uniform ambient temperature such that 7_,.=7;, the 
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optimum ratio of Ro/R, is the maximum value 
fo?/fof-»—1, indicating that the idler load should be 
zero. 


Using this optimum value of Ro/R, for the parametric 
amplifier, and setting R_; to zero, the excess tempera- 
ture expression of (22) becomes 


Ee) 
fo Wu 
Note that for fo and f_1, both well below dynamic cut- 
off, fo/fo>>1, fo/fs>>1, and (24) approximates the loss- 
less case form 
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The excess temperature as given by (24) has been 
plotted in Fig. 4 for some specific signal-to-dynamic 
cutoff frequency ratios. These curves illustrate that for 
a given signal frequency and diode dynamic cutoff fre- 
quency, there exists a broad minimum for the excess 
temperature of a parametric amplifier without external 
The optimum idler frequency for abso- 
lute minimum excess temperature is found by the use 
of calculus to be 


idler loading. 
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Fig. 4—Minimum excess temperature for a parametric amplifier 
without external idler loading. 
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The normalized optimum pump frequency is therefore 
given by 


(26) 


ie opt. 


fp 


pan opt. 


: (27) 
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This optimum pump frequency and the minimum 
excess temperature associated with it are in agreement 
with the values given by Greene and Sard.’ Specifically, 
the optimum normalized excess temperature is 


Gre iG / [: ey 


The relationships of (27) and (28) will be used in 
further discussion, and accordingly have been plotted 
int Figs 5: 


(28) 


Fig. 5—Optimum excess temperature and pump frequency 
(Greene and Sard). 


V. RELATION BETWEEN DYNAMIC AND STATIC 
CUTOFF FREQUENCIES 


The above analysis based on the quantity fp is, of 
course, meaningful for practical purposes only if fp can 
be measured or at least correlated to commonly meas- 
ured quantities. Although the value of fp can in princi- 
ple be computed from a capacity-voltage curve and an 
R, measurement for a particular diode by performing 
a Fourier analysis to extract 0; max, this method is too 
cumbersome to be of use in routine determination of 
diode quality. The resonance method described by 
Houlding,® on the other hand, appears to be a relatively 
convenient characterization technique, but suffers from 
the fact that it does not take into consideration the 
shape of the capacity-voltage curve and is not really 
representative of the actual operating conditions for the 
diode. 

As a corollary program to an investigation of X- 
band parametric amplifier performance, a series of noise 
figure measurements were made on an X-band ampli- 
fier configuration to determine if a simple relation ex- 
isted between the static cutoff, f., measured by Houl- 
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ding’s method and the dynamic cutoff, fp, postulated in 
the previous analysis. The vehicle chosen for measure- 
ment was a quasi-degenerate mode amplifier, operated 
with a signal frequency at the lower edge of the X band: 
t.e., at 8200 Mc. The use of the quasi-degenerate mode 
was based on considerations of simplicity regarding 
both the circuit manipulation and the noise figure rela- 
tionship. In the case of the latter, analysis shows that 
the double-sideband noise figure (the quantity given by 
a noise figure measurement) is given by 


1 
(———— 


ee 
tp 
under uniform ambient conditions. This elementary re- 
lationship is plotted in Fig. 6. 

Degenerate-mode amplification was obtained at 
about 8200 Mc with a number of diffused-junction 
mesa-type diodes, fabricated from silicon and germa- 
nium. The noise figure of the amplifier was measured by 
means of a calibrated automatic noise figure indicator, 
with the gas-discharge noise source decoupled approxi- 
mately 50 db from the amplifier through the use of two 
cascaded ferrite isolators. A conventional balanced 
mixer was used as the second stage, and the amplifier 
gain was adjusted to 15 db, on a single-sideband basis, 
for all measurements. The relatively low amplifier gain 
and the high decoupling of gas-discharge noise source 
from the amplifier were precautionary measures taken 
to assure that slight changes in impedance between the 
“on” and “off” conditions of the source did not result 
in appreciable amplifier gain modulation, and subse- 
quent erroneous noise figure readings. 

Fig. 7 shows the adjusted noise figure data obtained 
from these measurements after accounting for insertion 
loss in the measuring circuit and second-stage noise 
contributions. The best noise figure achieved with each 
diode is plotted against the operating frequency nor- 
malized by the f, of that diode. In addition, a family of 
computed noise figure curves for constant f,/fp ratios 
has been plotted over the experimental data. A qualita- 
tive correspondence between the experimental and an- 
alytical behavior is evident, and an f./fp ratio of about 
10 is indicated. 


(29) 


VI. APPLICATION OF THE NOISE THEORY TO THE 
DESIGN OF A Low-NoIsE PREAMPLIFIER 


With a complete first-order noise theory at his dis- 
posal, the designer of low-noise parametric amplifier 
circuits is in a position to make a priori judgments con- 
cerning the quality of diode and the pump frequency 
needed to satisfy his requirements. To illustrate the 
problems involved in choosing a diode and a pump fre- 
quency, we shall consider the design of a hypothetical 
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narrow-band low-noise amplifier for an L-band receiver 
operating at an arbitrarily chosen frequency of 1500 Mc. 

In a typical situation where broad-band performance 
is not required, the designer is faced with a number of 
problems: 


1) A particular performance level must be attained 
or exceeded. This invariably can be translated 
into a maximum allowable excess temperature for 
the amplifier. 


2) Since high-cutoff diodes are associated with a cor- 
respondingly high price (a proportionality con- 
stant between one and two dollars per kMc is 
roughly correct at present), it is desirable to use 
the minimum quality diode, allowing for some 
safety margin, which meets the excess temperature 
specifications. 


3) Some degree of variability must be accommodated 
with regard to diode dynamic cutoff frequency, 
even though the static cutoff frequencies of all 
diodes used are equal. Since the static cutoff fre- 
quencies of even carefully selected diodes are 
likely to vary +5 per cent, an allowance of at 


ae 


F*10 L06,0[ 


ay! 


f 
Ao 


Fig. 6—Minimum noise figure, degenerate mode amplifier. 
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least +10 per cent in effective cutoff frequency 
should be made. 


It is evident from the noise theory that the pump fre- 
quency and diode quality cannot be chosen independ- 
ently. If a diode of insufficient quality is used, it may 
be impossible to meet the performance requirements at 
any pump frequency. If too high a pump frequency is 
used, a diode of higher than minimum cutoff frequency 
may be necessary to keep within the excess temperature 
maximum. If too low a pump frequency is used, even 
the best diode may not be good enough. What is needed 
is some criterion by which the minimum diode quality 
and optimum pump frequency may be chosen simul- 
taneously. 

Such a criterion is offered by the optimum pump fre- 
quency-minimum excess temperature Curves presented 
in Fig. 5. Using these curves we may choose as our 
pump frequency that which produces the maximum 
allowable excess temperature using the lowest possible 
quality of diode. The design-center cutoff value for the 
diodes used would then be set about 10 per cent (more or 
less, depending on experience) higher than the marginal 
value to allow for variability of diodes. While this con- 
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Fig. 7—Comparison of experimental data with 
computed performance. 
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servative design procedure will not squeeze the best pos- 
sible performance out of design-center diodes, it pro- 
vides the greatest margin for diode variability, and on 
that basis is probably a good compromise approach. 

Suppose that our hypothetical 1500 Mc amplifier is 
required to operate with a high-gain, band-center ex- 
cess temperature which does not exceed 114°K, under 
room-ambient conditions where 7\,=290°K. From Fig. 
5, we see that the marginal performance condition is ob- 
tained for fo=6fo, and fp>=1.014 fp. Using the ratio 
f-/fpo=10, we choose 90 kMe as the lower limit for 
diode static cutoff, and prescribe a pump frequency of 
9130 Mc. Because of the 10 per cent safety margin, a 
design-center static cutoff frequency of 100 kMc is 
established. Now the variation of excess temperature 
with diode cutoff can be computed tor the prescribed 
pump frequency and compared with the pump-opti- 
mized values as in Fig. 8. It is seen that the conserva- 
tive design procedure has cost only 1°K of excess tem- 
perature for design-center diodes compared with the 
pump-optimized design-center case. 

As a matter of fact, the curves of Fig. 8 indicate that 
even if diodes of much higher cutoff frequency are used 
in our L-band amplifier, we will realize the greater por- 
tion of the total potential improvement without re- 
quiring a change of pump frequency. The reason for 
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Fig. 8—Effects of improved diode quality on excess temperature. 
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this behavior, of course, is the previously noted fact 
that the excess temperature minimum is very broad for 
the spectral arrangements of most interest from a low- 
noise performance point of view. 

Because of this broad minimum of excess tempera- 
ture, we might rightly expect that an exchange of an in- 
convenient optimum pump frequency for a convenient 
nonoptimum pump frequency could be made by pay- 
ing only a small price in terms of diode quality. Such a 
trade-off would be very desirable, for example, where 
solid-state harmonic-generator pump power supplies 
were to be used. In such cases the higher outputs avail- 
able at lower pumping frequencies and the generally 
lower pump powers required at same, might easily be 
worth a moderate sacrifice to the extent of more expen- 
sive diodes. Analysis of the minimum quality diode re- 
quired to achieve the necessary 114°K excess tempera- 
ture for our hypothetical L-band amplifier shows that 
our feelings are indeed justified. The curve of Fig. 9 re- 
veals that the pump frequency can be dropped by as 
much as 25 per cent if we are willing (and able) to move 
the minimum diode quality up to 100 kMc. 


f, (KMC) 


Fig. 9—Minimum diode quality as a function of pump frequency. 
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VII. CONCLUSIONS 


A relatively complete first-order noise theory of par- 
ametric amplifiers is presently available to designers of 
such circuits. This theory is based on a rather simplified 
model for the diode capacitor, and probably should be 
extended in the near future to account for voltage-vari- 
able series resistance of the diode, and for the effects of 
varying barrier resistance. The voltage-variable series 
resistance case is likely to become more important when 
diodes having very thin base regions become available. 

The existence of an optimum pumping frequency for 
a given signal frequency and given diode quality cer- 
tainly should influence the thinking of the designer of 
parametric amplifiers, although perhaps not only in the 
most obvious manner. That is, the optimum pump fre- 
quency which provides the maximum allowable excess 
temperature with the minimum quality of diode should 
be viewed as the upper limit on pump frequency for 


April 


that particular application, with a trade-off between 
higher minimum diode quality and lower pump fre- 
quency possible within limits. The use of a lower pump 
frequency is almost always desirable because of ease of 
circuit design, potential bandwidth improvement, and 
possible use of solid-state pump sources. 

These conclusions, of course, have been drawn from 
analysis based on amplifiers which are not constrained 
with respect to bandwidth. In cases where bandwidth 
optimization is mandatory, it may be necessary to sacri- 
fice diode quality in order to meet an excess temperature 
specification.? 
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Steerable Array Radars* 


FRANK C. OGG, Jr.t, SENIOR MEMBER, IRE 


Summary—The general characteristics of radars using large 
planar steerable array antennas are discussed. The need for an 
amplifier for each element is shown, and the tolerances and stability 
requirements for the amplifiers are discussed. Array geometry, 
pattern formation and gain, mutual coupling, and beam-steering 
techniques are summarized. Element minimization and signal- 
processing techniques are analyzed. 


Il. INTRODUCTION 


ECHANICAL scanning of directive antennas 
M has been almost universally employed in exist- 
i ing radars. A horn-and-reflector allows only a 
limited scanning pattern and has a vulnerable mechani- 
cal structure, but has low initial cost and negligible 
maintenance. 

Weapon performance has increased rapidly in recent 
years, bringing with it increased radar requirements. 
Among these are shock resistance, rapid volumetric 
scanning with high angular resolution, random beam 
positioning for multiple target tracking, very high radi- 
ated power, very large apertures and pulse-to-pulse 
tunability. One possible solution is the steerable array, a 
large fixed array of radiating elements with the beam 


* Received by the PGMIL, January 23, 1961. The research herein 
was supported by the USAF through Rome Air Dev. Ctr. of the 
Air Res. and Dev. Command. Preparation of the material for publi- 
cation was supported through WWRNGW of the Wright Air Dev. 
Div. 

+ Rad. Lab., The Johns Hopkins University, Baltimore, Md. 
Formerly with the Bendix Corp., Towson, Md. 


steered by the introduction of a phase gradient across 
the aperture. 

The best-known early example of a steerable array is 
the MUSA, which was built by Bell Telephone Labora- 
tories before World War II for reception of transat- 
lantic radio telephone signals.':? A set of three inde- 
pendently steerable beams was formed from a linear 
array of rhombics, each beam being a horizontal fan 
with about one degree vertical beamwidth. 

During World War II, steerable array radars using 
mechanical phasing were developed. A series-fed linear 
array (Fig. 1) was developed for a Naval fire-control 
radar.*:* A possible alternate configuration is the paral- 
lel-fed array (Fig. 2). A linear slotted-waveguide array 
was designed for mounting in the leading edge of an air- 
craft wing, with the guide wavelength changed by mov- 
ing one wall of the waveguide to scan the beam.° 

Since World War II, electrical phase shifting has 
been investigated to permit random beam positioning 


1H. T. Friis and C. B. Feldman, “A multiple-unit steerable 
antenna for short-wave reception,” Proc. IRE, vol. 25, pp. 841-917; 
July, 1937. 

2F, A. Polkinghorn, “A single-sideband MUSA receiving system 
for commercial operation on transatlantic radio telephone circuits,” 
Proc. IRE, vol. 28, pp. 157-170; April, 1940. 

3H. D. Friis and W. D. Lewis, “Radar antennas,” Bell Sys. 
Tech. J., vol. 26, pp. 219-317; April, 1947. (See especially p. 300.) 

4G. C. Southworth, “Principles and Applications of Waveguide 
Transmission,” D. Van Nostrand, Inc., New York, N. Y.; 1950. 

5 Friis and Lewis, op. cit., see especially p. 315. 
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Fig. 1—Linear array with series feeding. 
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Fig. 2—Linear array with parallel feeding. 


and more rapid scanning. The slotted-waveguide array 
may be scanned without moving the waveguide wall by 
variation of the frequency, leading to the folded-wave- 
guide frequency-scanner (Fig. 3). Several wavelengths 
of guide between slots are used to reduce the tuning 
range for wide-angle scanning to 5 to 10 per cent. The 
development of ferrite phase-shifters permits electrical 
scanning of the configurations of Fig. 1 and Fig. 2.°9 
Two-dimensional electrical scanning can be obtained 
by the “phase-phase” scanner, an obvious modification 
of either Fig. 1 or Fig. 2, or by the “phase-frequency” 
scanner (Fig. 4). 

Neither the “phase-phase” nor the “phase-frequency” 
scanner fully satisfies modern requirements. Neither 
can form multiple steerable receiving beams without 
losses due to signal-splitting before amplification. 
Neither can radiate very high power, since present fer- 
rite phase-shifters are limited to comparatively low 
peak powers. The frequency scanner is not tunable, in 
the sense that frequency at each beam position is fixed. 
In parallel-fed arrays of both types, recirculation of re- 
flected power often spoils the pattern, since multiple re- 
flections through the phase-shifters produce coherent 
radiation at other angles than the beam position. Iso- 
lators or circulators on each phase-shifter are usually 
necessary to maintain low sidelobes.!° 


°F. Reggia and E. G. Spencer, “A new technique in ferrite phase- 
shifting for beam scanning of microwave antennas,” Proc. IRE, vol. 
45, pp. 1510-1517; November, 1957. 

7F. E, Goodwin and H. R. Senf, “Volumetric scanning of a radar 
with ferrite phase shifters,” Proc. IRE, vol. 47, pp. 453-454; March, 
1959. 

8 C. M. Johnson, “A ferrite phase shifter for the UHF region,” 
IRE TRANS. ON MICROWAVE THEORY AND TECHNIQUES, vol. MTT-7, 
pp. 27-31; January, 1959. 

*D. D. King, C. M. Barrack, and C. M. Johnson, “Precise control 
of ferrite phase shifters,” IRE TRANS. ON MicrowAvré THEORY AND 
TEcHNIQUES, vol. MTT-7, p. 229-232; April, 1959. 

1 Parallel-feeding is usually used in large arrays without ampli- 
fiers to avoid the losses of the series-fed type. Some measured pat- 
terns of parallel-fed arrays, with and without circulators, are given 
by S. J. Rabinowitz, “Array antennas with applications to radar,” 
Trans. of the University of Michigan Radar Symp., Ann Arbor, 
1959, Willow Run Labs., The Univ. of Michigan; pp. 107-122. 


TUNABLE 
RECEIVER 
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Fig. 4—Planar array with two-dimensional scanning using the 
“phase-frequency” principle. 


These limitations have led to consideration of arrays 
witn a transmitter and/or a receiver for each element. 
Very high radiated powers are possible with a multi- 
plicity of transmitters of moderate size. The phase- 
shifters can be operated at low power levels. A receiver 
for each element allows formation of an unlimited num- 
ber of beams for reception without loss of sensitivity. 
Tunability over the bandwidth of the amplifiers is pos- 
sible, and the amplifiers provide isolation of reflected 
power.!! 

Many different configurations are possible with such 
an array. An arbitrary number of receiving beams can 
be formed, fixed or steerable as a stack of beams, or in- 
dependently steerable. The transmitting array may 
floodlight a large angular region, illuminate the area 
covered by a steerable stack of beams, or illuminate 
separately several independently steerable beams. In 
the last type, the transmitting array may radiate a se- 
quence of closely spaced pulses with the beam moved 
between pulses to illuminate the several receiving 
beams, thus obtaining a high data rate on many tar- 
gets under simultaneous track. Both volumetric scan- 
ning and multiple-target tracking may be done simul- 
taneously, eliminating .the handover from a_ search 
radar to a separate tracking radar. 


"The “phase-frequency” scanner (Fig. 4) can be modified by use 
of a transmitter and receiver on each slotted waveguide. Most of the 
objections to this system are then overcome. The array is still not 
tunable, and multiple receiving beams can be formed only in the 
“phase” dimension. The number of amplifiers required is reduced 
from N? to Nand the tolerances are correspondingly tightened. Much 
of the analysis given in this paper is also applicable to a “phase- 
frequency” array with an amplifer for each row, but the principal 
subject of the paper is the “phase-phase” array with an amplifier for 
each element. 
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The choice of configuration for a specific application 
is beyond the scope of this paper, which is intended to 
be a general survey of possibilities and limitations. 


Il. GEOMETRY OF A PLANAR ARRAY 


Unlike the horn and reflector antenna, an array has a 
different pattern at each beam position. These pattern 
variations are rather complicated in the usual elevation- 
azimuth coordinates,!2 but they are greatly simplified 
when a more natural coordinate system is used. 

The array factor of a planar array with equal element 
spacings is 

F(61, 02) = do dnn exp [2xmjdiO: + 2anjdsBe], 


mn 


(1) 


where d, and d» are the row and column spacings in 
wavelengths and 6;=sin a—sin Q, 6.=sin B—sin Bo. In 
these equations, the direction cosines of the normal to 
the plane wave received by or radiated by the array are 
sin w and sin B. The beam maximum is at @=Qo, B=Bo. 
The phase distribution on the aperture is factorable in 
these coordinates, which simplifies beam steering. 

The connection between the natural array coordi- 
nates and elevation-azimuth can be found when the ar- 
ray orientation is known. This connection is illustrated 
in Fig. 5 for an array tilted 40° from the vertical with 
scanning 45° from boresight. 

The pattern variations with scanning are easily 
understood in the coordinates of Fig. 5. The relative 
positions of the various beams are preserved. With a 
vertical stack of beams, the stack remains vertical in 
these coordinates. When the stack is not on the vertical 
principal plane (8)=0), it will not generally be vertical 
in elevation-azimuth coordinates; in the upper corners 
of Fig. 5 it will be almost horizontal. The same remark 
holds for the four-beam set of a monopulse system, as 
well as for the polarization of the radiated wavetront. 

Changes in beam shape with scanning are also 
treated simply. The function /(6;, 9) is fixed, and only 
the variation of 6, and 6) need be considered. For ex- 
ample, the half-power points of the beam in the two 
coordinates a, B are fixed values of #, and 4». If 


F (810, 0) i F(—@1o, 0) a F(O, 620) a= F(0, — 629) 


1 
cy Ca 


then the half-power points are located at sin a—sin 
Oy = £619 and sin B—sin By = +620, regardless of steering 
angle. The half-power points are thus dependent only 
on the half-power beamwidth with the beam at bore- 
sight and do not depend on any other characteristic of 
the array. It can be shown that the half-power beam- 
width is given very accurately by the usual cosine-fore- 
shortening approximation until the array approaches 


2 A detailed treatment of array geometry is given by W. H. von 
Aulock, “Properties of phased arrays,” Proc. IRE, vol. 48, pp. PiAS= 
1727; October, 1960. 
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Angular coverage of a planar array tilted 40° from vertical. 
Beam steering is theoretically possible from —45° to +45° in 
the horizontal steering angle 6 and from —40° to +40° in the 
vertical steering angle w. Elevation and azimuth contours are 
plotted on a rectangular grid of lines of constant w and 8. The 
zenith is at a=50°, B=0°. 


end-fire.3 An expression which is accurate at all an- 
gles is 


6 
beamwidth = arc sin sin ay + sin =| 


0 
— arc sin sin ap — sin =|, (2) 


where @ is the half-power beamwidth at boresight. This 
is the array factor beamwidth, which in small arrays or 
near end-fire may be modified by the element pattern. 
Other beam characteristics, such as asymmetry, May 
be treated similarly. 

The array is operated entirely in the natural array co- 
ordinates. The fact that the resulting scan patterns and 
beam shapes may be rather unusual when viewed in 
elevation-azimuth is usually irrelevant. The radar data 
can be converted if necessary to any desired coordinates, 
but it is convenient to perform beam interpolation, 
scanning-pattern generation, tracking, etc., in the 
natural coordinates. 

The actual position of the beam with respect to the 
plane of the array is shown in Fig: 6. The beam gen- 
erated by a linear array lies on a cone about the axis of 
the array, since this cone is the locus of points with the 
same direction cosine. In a planar array with a factora- 
ble phase distribution, the beam lies on the intersection 
of the two cones shown. When both natural array angles 
are at 45°, for example, the beam lies in the plane of the 
array. The theoretical coverage of Fig. 5 must be modi- 
fied by superposition of the element factor upon it. 


13 R. W. Bickmore, “A note on the effective aperture of electri- 
cally scanned arrays,” IRE TRANS. ON ANTENNAS AND PROPAGATION, 
vol. AP-6, pp. 194-196; April, 1958. 
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Fig. 6—Beam position with respect to the plane of the array. The 
phase distribution on the aperture is factorable. The phase dis- 
tribution in the angle a produces a cone of radiated energy about 
one axis, while the distribution in 6 produces a cone about the 
other axis. The beam is the intersection line of the two cones. 
The second intersection line (below the plane of the array) is 
usually suppressed by the element factor. A linear array produces 
ae cone, with part of the cone usually suppressed by the element 
actor. 


II]. PATTERN AND GAIN OF AN ARRAY 


If Im, is the actual current in the m,nth element, and 
if the isolated element factor is E(a, B), the radiated 
pattern of the array is proportional to 


F(a, 8B) = Ela, 8) >> Inn exp [2xjmd,(sin a — sin ao) 


myn 


+ 2nrjndo(sin B — sin Bo)]. (3) 


Eq. (3) assumes that the elements are far enough apart 
so that the adjacent elements do not modify the dis- 
tribution of current in the element. 

The gain of the array is equal to 


F(a, 8)- F*(a, 8) 
Po , 


G(a, 8) = 


where P) is the total radiated power. The total radiated 
power may be computed by integration of the Poynting 
vector over a sufficiently large sphere Q. The result is 


1 
Po=—| [ P(a,8)-Pa,a)ds 
4dr 2 
= SD Inns Lnq* exp [—2aj(m — p)d; sin ao 


mn Pa 
=> 2aj{n 2 q)ds sin Bo|Rmnpas (4) 
where 
1 . ; 
anya = — { f H(a,8)- E*(c, 8) exp [2njlm — pds sin a 
4 Q 
+ 2nj(n — q)dzsin B|dS (5) 


is proportional to the mutual radiation resistance. If 
the element factor is normalized by 


1 
= [ f #(a,8)- Ba, Bas = 1, 
dar Q 
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then Rmnpq is the mutual radiation resistance normal- 
ized by the self-radiation resistance. The normalized 
mutual radiation resistance given by (5) is dependent 
only on the isolated element pattern and on the spacing. 
In the case of a theoretical isotropic element, the calcula- 
tion is simple and gives the result 


sin 27rR 


aie ea ae 


Ta npq — 7 R 
Tv 


where R?=d,?(m— p)*?+d.?(n—q)? is the square of the 
separation of the two elements in wavelengths. 

The main beam gain of the array, assuming that the 
excitation currents are held constant, is generally de- 
pendent on beam position, and is given by 


E(ao, Bo) + E*(ao, Bo) ( DS i) 
G(a, Bo) = a ae 


Py(ao, B ») 


The exact evaluation of the gain can be carried out 
either by direct integration of the pattern or by (4) and 
(5). A calculation for a uniformly illuminated planar 
array is reported in the literature and shows that the 
gain varies approximately as the change in beamwidths 
would indicate.™ 

In a linear array, 


Py = YO DY In Ty* exp [—2aj(m — p)disinao]Rmp, (6) 


m Pp 


where 


1 
Rup = —|f E(a, 8)- E*(a, 8) 
An Q 
-exp [2nj(m — p)disinaldS, (7) 


which are specializations of (4) and (5). When the ele- 
ments are isotropic, 


sin 2rdi(m — 9) 


RUS am 


Den p) 


When the element spacing is a half-wavelength, all 
mutual radiation resistances are zero and the gain re- 
mains constant with scan angle. A geometrical explana- 
tion is given by Fig. 6. The beam lies along a cone and 
with isotropic elements includes the whole cone. As the 
beamwidth broadens, the arc of the cone decreases. 

Exact calculation of the gain of an array is quite 
complicated. In general, the usual estimates from the 
beamwidth are approximately correct if the conical 
beam shape of a linear array is taken into account. 

If a directive element is used, the energy cannot be ac- 
counted for when the main beam is steered into a null 
of the element pattern. The main beam disappears or is 


14 R. K. Thomas and M. J. King, “Gain of large scanned arrays,” 
IRE Trans. ON ANTENNAS AND PROPAGATION, vol. AP-8, pp. 635-— 
636; November, 1960. 
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greatly reduced in gain, and the energy in the main 
beam apparently is not radiated. It has been suggested 
that this energy is somehow stored in the antenna struc- 
ture and reflected back to the transmitters, creating a 
very large SWR at each transmitter. Attempts to ob- 
serve this effect experimentally have generally failed, 
and it is not clear how to account for the energy.’ 

On reception, the pattern is formed in a beam-form- 
ing network (Section VIII) with tapering after amplifi- 
cation. If the signal components are equal before taper- 
ing, then they add coherently after tapering, while the 
uncorrelated receiver noise components add _ incoher- 
ently. An output signal-to-noise ratio of 


S S ( Dy Qn) z 
= 8 
( ale ( aa ye Gye 


is obtained, where a, are the taper coefficients. 

If the noise is local oscillator noise rather than re- 
ceiver noise, it will be coherent rather than incoherent. 
When the beam is at boresight, the local oscillator noise 
will add coherently. At other beam positions, it is re- 
duced by the array factor, since it will be combined 
after phasing. The magnitude of the oscillator noise is 
increased in proportion to the signal. An array will 
therefore have a blind spot at boresight shaped like the 
receiving beam unless the local oscillator noise is suffi- 
ciently suppressed. 


IV. ANTENNA COUPLING EFFECTS 


The pattern and gain of an array with known cur- 
rents in its elements are discussed in Section III. The 
currents actually present are modified by antenna 
coupling effects and are therefore dependent on the cur- 
rents in the other elements and on beam position. 

An exact calculation of the actual currents is possible 
in principle as a large set of coupled-network equations 
if the mutual impedances are calculated or measured.!® 
In practice, however, the order of this set of linear equa- 
tions is the number of elements in the array, and the 
calculation is impractical except in small arrays. A 
large array can be regarded approximately as infinite in 
extent, and the coupling effects can be obtained for an 
infinite uniformly illuminated array without excessive 
difficulty. This approximation can be used to obtain 
information about coupling effects in receiving arrays, 
which are always uniformly illuminated, or in uniform 
transmitting arrays. 

The principal coupling effects are a change in the ef- 
fective element pattern, gain variations in scanning 
due to mismatches between antenna and amplifier, and 
variations in the loads driven by the transmitters. In 


1’ This problem was pointed out by S. J. Rabinowitz. 

1 P.S. Carter, “Circuit relations in radiating systems and appli- 
cations to antenna problems,” Proc. IRE, vol. 20, pp. 1004-1041; 
June, 1922. 
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finite or nonuniform arrays, the taper is changed dur- 
ing scanning by unequal coupling effects on the various 
elements. 

In an infinite uniformly illuminated array, each ele- 
ment is affected by coupling in exactly the same way. 
The taper is unchanged, and there are no pattern varia- 
tions during scanning except those discussed in Section 
iMRes 

The element factor is modified by passive reflections 
from the other elements present in the array. The ele- 
ment factor used in pattern calculations is the pattern 
of an element embedded in an infinite array of similar 
elements. With half-wave spacing, the effective element 
factor is usually broader than the isolated element pat- 
tern, which is often useful in wide-angle scanning sys- 
tems. 7? 

The gain variations are due to changes in the antenna 
impedance during scanning which prevent matching 
transmitters and receivers to the antennas except at 
one beam position. These variations are usually small 
(1 db or less in a dipole array) except near end-fire.!%:?° 
The variable load presented to the transmitters causes 
a large reflected current which is often significant. 
Standing-wave ratios of about 2:1 are encountered in 
uniformly illuminated dipole arrays scanned 45° from 
boresight. 

In a finite array, the elements near the edge are af- 
fected differently. In a large array, edge effects are 
usually negligible. It is possible, but usually unneces- 
sary, to eliminate edge effects in receiving arrays with 
dummy elements around the edges of the aperture. 

In a nonuniform array, an analysis based on an infi- 
nite uniform array is inapplicable. Very little is known 
about the effects of coupling on transmitting arrays 
with power tapering. When an irregular distribution 
similar to those of Section VI is used, the receiving ar- 
ray can be filled in with dummy elements to equalize the 
coupling effects. In a transmitting array of this kind, 
the effects are not equalized. 

In Section III, the normalized mutual radiation re- 
sistance was shown to be dependent only on the isolated 
element pattern and on the spacing. This result appears 
to contradict experience, since a variety of elements with 
similar patterns are known to have very different meas- 
ured couplings. These measurements are made by driv- 
ing one element with a signal source and observing the 


“J. Blass and S. J. Rabinowitz, “Mutual coupling in two-di- 
mensional arrays,” 1957 IRE WESCON ConvENTION RECORD, pt. 1, 
pp. 134-150. 

8 The element factor is not always broadened and usually is 
rather irregular when embedded in an infinite array. 

1 Near end-fire these effects are much greater. See E. A. Blasi 
and R. S. Elliott, “Scanning antenna arrays of discrete elements,” 
IRE Tra*s. ON ANTENNAS AND PRopaGaTION, vol. AP-7, pp. 435- 
436; October, 1959. 

* P. S. Carter, Jr., “Mutual impedance effects in large beam 
scanning arrays,” IRE Trans. ON ANTENNAS AND PROPAGATION, 
vol. AP-8, pp. 276-285; May, 1960. 
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received signal at the terminals of the other element.2! 
With elements having essentially the same pattern as a 
dipole, coupled power from 15 db to 30 db down has 
been observed at half-wave spacing. The discrepancy is 
due to the directive nature of the coupling in traveling- 
wave antennas, such as the helix or polyrod. Some 
measurements on polyrods are given by Southworth, 
showing that the coupling in one mode is about 30 db 
greater than in the other.?? A forward-traveling wave is 
radiated in such an antenna while the reverse-traveling 
wave is reflected to the source. The radiated component 
produces the mutual radiation resistance given by (5) 
and the resulting pattern variation, while the reverse 
component is responsible for the standing-wave ratio 
at the transmitter. If care is taken in matching the ele- 
ment to free space, the reverse component can be con- 
siderably reduced. Isolation of the transmitters from 
antenna impedance variations can be obtained in this 
manner with strongly coupled elements. The conven- 
tional method for the measurement of mutual imped- 
ance measures only the reverse component. 


V. APERTURE ILLUMINATION ERRORS 


Preservation of the pattern and gain of an array de- 
pends on approximate matching of the multiple parallel 
channels. The accuracy with which the channels can be 
matched determines the sidelobe level and gain loss, 
while the period of stability in which matching to the 
desired accuracy can be maintained determines the re- 
quired frequency of realignment. 

The exact nature of the channel drifts depends on the 
components used and their interconnections, but it can 
usually be assumed that they are independent and have 
the same distribution with mean zero in each channel. 
Calculation of the pattern statistics under these assump- 
tions has been treated by several authors,?? based on 
the fundamental work of Ruze.*4 

Ruze’s analysis can be extended to include random 
amplifier failures.”° The array factor including errors and 
failures is 


F(a, B) = ys Loe ns él aF Aon) “exp [75mm | 


“exp | jbmnl, (9) 


where J,,, and ¢@m, are the design current and phase, 


*E, Altshuler, “The measurement of self and mutual imped- 
ances,” IRE TRANS. ON ANTENNAS AND PROPAGATION, vol. AP-8, 
pp. 526-527; September, 1960 

22 Southworth, op. cit., p. 439. 

23 A bibliography is given in R. S. Elliott, “Mechanical and 
electrical tolerances in two-dimensional scanning antenna arrays,” 
IRE TRANS. ON ANTENNAS AND PropaGaTion, vol. AP-6, pp. 114— 
119; January, 1958. ; 

247. Ruze, “The effect of aperture errors on the antenna radi- 
ation pattern,” Suppl. Nuovo Cimento (Ital.), vol. 9, no. 3, pp. 364— 
380; 1952. ; } 

2 This analysis is based on an unpublished Sanders Associates 
Memo. by S. J. O’Neil, 
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Finn 18 0 or 1 as the element is failed or operating, Ann 
is the fractional current error, and 6,,, is the phase error 
in radians, each for the m,nth element in the array. 
The power array factor is P(a, 8)= F(a, B)- F*(a, 8B). 
If all sources of error are assumed independent, then 
the average power array factor is 


P(a, 8) = [(F)?(exp 76)? | Po(a, 8) 
+ [(F)(1 + A?) — (F)2(exp 78)2] 95 Lnn2, (10) 


nn 


where P)(a, B) is the design-array factor. The distribu- 
tion of amplitude error enters only as its variance A?, 
and 
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where / is the number of failures and JN is the number 
of elements. The phase error appears only as exp 76. 

The calculated average pattern must be renormalized 
by (1—F/N)-}, since the total power in the pattern is 
reduced by failures. The normalized average power 
array factor is then 
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This expression shows that the effect of errors and 
failures consists of a gain reduction in the design-array 
factor with the energy removed from the main beam, re- 
distributed around the pattern as an omnidirectional 
“noise level.” 

The gain loss is 


(1 = =) (exp j6)” (12) 


and the rms noise level on the pattern is 


ees (1 = =) epi | 
| (Diem | (B) 


when referred to the maximum amplitude of the beam. 

If the phase errors are distributed normally with 
variance 8, then (exp 76)?=exp[—&]. If the channels 
are monitored and amplifiers which are out of a toler- 
ance 6) are removed, then the distribution of phase 
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errors should become approximately uniform, and 
(exp 76)? = (sin 59/6)?. For small errors distributed uni- 
formly between tolerances Ay and 69, and for small num- 
bers of failures, (13) is approximately 


{~ ae 0° ae = Ss Tone 
Sh ays SENSO 


The total pattern has a modified Rayleigh distribu- 
tion regardless of the detailed distributions of error, 
and confidence levels for the distribution of sidelobe 
peaks can be computed when the design sidelobe level 
and the error statistics are given.** Although the as- 
sumptions of the above analysis are somewhat ques- 
tionable, it is found in practice that the peak sidelobe 
level of an array can usually be predicted within about 
tedb: 

The gain loss is independent of array size and ampli- 
tude errors. Fig. 7 shows gain loss as a function of phase 
tolerance, assuming no failures. A phase tolerance of 50° 
holds the gain loss to 1 db, and a similar loss is produced 
by 20 per cent failures. If low sidelobes are unimpor- 
tant, as is often true in transmitting arrays, only enough 
accuracy is needed to prevent excessive loss of gain. 

Much tighter tolerances are required for low side- 
lobes. Tolerances for a given sidelobe level are propor- 
tional to \/ NV, where JN is the number of elements in the 
array. Fig. 8 shows the phase and amplitude tolerances 
required for an rms sidelobe level of —50 db, which will 
usually give a peak sidelobe level between —35 and 
—A40 db. 

Failure or removal for repair of a large fraction of the 
amplifiers has almost no effect on the pattern. Fig. 9 
shows the fraction of elements which may be inopera- 
tive while a —30-db rms sidelobe level is maintained. 

The required channel stability is a function of the 
number of channels and of the amount of maintenance 
which is possible. If an array radar with 10,000 trans- 
mitters and 10,000 receivers is to be maintained by a 
crew which can remove, repair, and realign a hundred 
amplifiers a day, then an average stability of about six 
months is necessary. 

Channel matching and relative stability are compli- 
cated by the requirement for tunability of the radar. 
Since individual tuning of each amplifier is impossible, 
all RF components are broad band over the desired tun- 
ing range. Change of radiated frequency is then ac- 
complished by oscillator tuning. Matching of antenna 
elements, duplexers and RF amplifiers over a large fre- 
quency band is considerably more difficult than match- 
ing at a single frequency. 

From the equations given, the consequences of failure 
to maintain the correct aperture illumination can be 
computed. Methods of maintaining the aperture illumi- 
nation over a long period of time fall into two classes: 
closed-loop stabilization and design of extremely stable 
conventional amplifiers. Interest in very-low sidelobes 
has led to investigations of phase-stabilization tech- 
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Fig. 7—Gain loss (one-way) as a function of phase tolerance, 
assuming a uniform distribution of phases between tolerance 
limits. 
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Fig. 8—Phase and amplitude tolerances required for —50-db rms 
sidelobe level in arrays of various sizes. 
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Fig. 9—Fraction of elements removable in a random manner without 


exceeding an rms sidelobe level of —30 db, in arrays of various 
sizes. 
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niques. °~*° Stabilizers able to correct a half-cycle phase 
error in a few microseconds are available and could be 
used on each component subject to drift. Phase sta- 
bilization simplifies channel matching, since the chan- 
nels are automatically matched in phase (although not 
in amplitude) over their bandwidth. It reduces the pat- 
tern distortions due to element coupling, since it is the 
actual current in the antenna element which is equal- 
ized in phase with the reference phase. The aperture 
distribution will therefore be correct in phase at all 
times, although the amplitude distribution may be dis- 
torted. 

On the other hand, a considerable complication of the 
amplifier is necessary. Phase stabilization in itself is 
not sufficient to preserve low sidelobes; phase stabiliza- 
tion to one degree is useless unless ariplitude variations 
can be held to about 0.1 db. The phase variations in 
the actual current will be large and rapid, even though 
the amplifier itself is stable, due to frequency changes 
and element coupling changes with beam steering. A 
stabilizer must therefore operate on each pulse sep- 
arately and correct the phase within a small fraction of 
a pulse length. 

For these reasons, a stable conventional amplifier is 
a more satisfactory solution when feasible; however, 
the feasibility of such amplifiers is beyond the scope of 
the present paper and is dependent on the array char- 
acteristics. 


VI. ELEMENT MINIMIZATION 


Minimization of the number of amplifiers required to 
achieve a given gain and/or angular resolution is of 
interest for practical and economic reasons. Fig. 9 sug- 
gests that random removal of elements leads to a pat- 
tern with fewer elements and the same resolution as a 
solid aperture distribution. In a sufficiently large array, 
a useful degree of directivity can be obtained with a 
very thin distribution of elements over the aperture. 
The sidelobe level in the resulting array is random and 
the peak sidelobe level will usually be about 10 to 15 db 
above the rms level given by (13). No grating lobes will 
appear. 

Consideration of random element removal shows the 
fundamental limitations of thin aperture distributions. 
The gain is decreased in proportion to the number of 
elements removed. The gain removed from the main 


26 “Phase Stabilization Techniques for Electrically Scanned Ar- 
rays,” Res. Lab. of Electronics, Mass. Inst. Tech., Cambridge, Tech. 
Rept. on Contract No. AF 30(602)-1862; June, 1959. 

27 J. R. Cummings, “A Differential Phase Stabilization System,” 
M.S. thesis, Dept. of Elec. Engrg., Mass. Inst. Tech., Cambridge; 
May, 1957. 

28 WW. P. Delaney, “A Phase Stabilization Technique for Pulsed 
UHF Power Amplifiers,” M.S. thesis, Dept. of Elec. Engrg., Mass. 
Inst. Tech., Cambridge; June, 1959. 

29K. W. Exworthy, “Two Systems for Accurate Microwave 
Phase Control,” M.S. thesis, Dept. of Elec. Engrg., Mass. Inst. 
Tech., Cambridge; April, 1959. 

30 E, W. Markow, “Servo phase control shapes antenna pattern,” 
Electronics, vol. 32, pp. 50-52; January 2, 1959. 
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beam is redistributed around the pattern as a random 
omnidirectional component. In a full aperture nearly 
all of the radiated energy goes into the main beam, 
while in a thin distribution most of the energy appears 
in the sidelobe region. If 90 per cent of the elements in 
the aperture are removed, the main-beam gain is de- 
creased by 10 db and about 90 per cent of the radiated 
energy is wasted in the sidelobe region rather than 
applied to target illumination. 

These characteristics are not dependent on the 
random character of the distribution. Any removal pro- 
cedure which preserves beamwidth and element spacing 
will lead to main-beam gain reduction and to an increase 
in the fraction of integrated gain in the sidelobe region. 
In extreme cases, such as elimination of alternate rows 
or columns, the energy removed from the main beam 
appears as a single large grating lobe. The average side- 
lobe level of a thin distribution is determined by the 
amount of energy removed from the main beam, which 
is dependent on the fraction of elements removed. The 
difference between elimination schemes is in the uni- 
formity of the sidelobes. An ideal thin distribution 
would have regular sidelobes with equal amplitudes 
and the required average level. No synthesis methods 
for such distributions are known. 

Thin distributions are therefore not applicable to 
transmitting arrays. If it is necessary to use a smaller 
number of transmitters, the only efficient solution is to 
use a smaller transmitting aperture and to obtain angu- 
lar resolution with multiple simultaneous. receiving 
beams. In receiving arrays, thin distributions can be 
used to maximize angular resolution for given gain. The 
required gain determines the number of receivers 
needed and these receiving elements can then be ar- 
ranged in a thin distribution over a larger aperture. The 
limit on ‘the size of the aperture (or the thinness of the 
distribution) is the acceptable sidelobe level.*! 

A substantial reduction in the number of amplifiers 
can be obtained by removing the tapering. A uniform 
array of unit elements (equal amplitude and no relative 
phase) is the most economical way to design both re- 
ceiving and transmitting arrays. The only serious objec- 
tion to uniform arrays is a high sidelobe level near the 
main beam. 

In a transmitting array, power tapering is impracti- 
cal for other reasons. It is extremely difficult to match 
amplifiers with a different number of stages over a 
band of frequencies. Maximum total power is generated 
by full power on each transmitter, and manufacturing 
and maintenance are simplified by identical transmit- 
ELS. 

Ideal distributions of unit elements are the optimum 
design for both transmitting and receiving arrays. Since 
no synthesis methods are known, some examples were 


31 Tn some applications the antenna noise temperature may be 
increased by the increased gain in the sidelobe region. 
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Fig. 10—Circular array of unit elements with 1.5° beamwidth and full gain. Element spacing approximately one-half wavelength with 
black spaces illuminated, white spaces omitted. 


constructed empirically.*? An ordinary amplitude dis- 
tribution (usually Gaussian or Tchebycheff) was se- 
lected with the desired aperture, beamwidths and side- 
lobes. It was then normalized to make the sum of its 
taper coefficients equal to the number of unit elements 
desired in the distribution. For transmitting arrays, 
the number of unit elements was approximately equal 
to the gain above the element gain indicated by the 
beamwidths. For receiving arrays, the number of unit 
elements was a given fraction of this gain. Fractions 
from 20 per cent to 100 per cent were selected. The nor- 
malized amplitude taper then gives the average density 


32 These distributions were constructed by J. H. Best. A more 
detailed discussion of them will be presented at the next PGMIL 
Natl. Convention, Washington, D. C., June 26-28, 1961. 


of unit elements over the aperture, and the exact posi- 
tions are found by experimentation. 

Fig. 10 shows a circular array which forms a 1.5° 
beam with full gain from 3260 elements in an 80X80 
aperture. Fig. 11 shows a circular array which forms 
a similar beam with about one fifth of full gain from 
758 elements in a 78X78 aperture. Fig. 12 shows 
a rectangular array which forms a shaped fan-beam. 
In all three cases, the main beams are identical with 
those of the original amplitude tapers. The peak side- 
lobe levels are about —20 to —22 db. In the thin dis- 
tribution (Fig. 11), the sidelobes remain high throughout 
the pattern, as in all thin distributions, but the patterns 
of the full-gain apertures have only a few sidelobes 
above —30 db. These empirical distributions are far 
from optimum, but are appreciably better than uni- 
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Fig. 12—Rectangular array of unit element 
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Fig. 13—Beam steering using a 2X2 subarray. The element factor of the subarray is superimposed as a contour plot. The points A, B, C, D, 
E, indicate various positions of the main array beam and its grating lobes. 


form apertures. The thin distribution has irregular 
sidelobes, but is an improvement over a uniform aper- 
ture with random element elimination. The aperture 
area for the distributions of Figs. 10 and 11 is about 
half again as large as the aperture required for a com- 
parable uniform distribution, adding to structure costs. 

Another method of reducing the number of amplifiers 
is by the division of the array into subarrays with an RF 
phase-shifter on each element and an amplifier on each 
“element” which is 
much more directive than the original element and must 


subarray. The subarray forms an 


itself be steered for wide-angle scanning. The group of 
elements with RF phasing form a “steerable element” 
which is steered with the beam of the array. 

In transmitting arrays which forma single beam, this 
technique is applicable, but is limited by the power- 
handling capability of the RF phase-shifter. In receiv- 
ing arrays, a multiplicity of receiving beams is usually 
formed by a beam-forming network after the amplifiers. 
The effects of displacing the receiving beam from the 
direction in which the subarray is steered are shown in 
Fig. 13. When the array beam is at “A,” the grating 
lobes fall into the nulls of the subarray pattern and are 
suppressed. When the beam is displaced slightly from 
the center of the subarray pattern, the grating lobe im- 
mediately appears. At “B,” the displacement from the 
center of the subarray pattern is a small fraction of the 
subarray beamwidth, but the grating lobe is suppressed 
only 10 db. The smallest possible subarray (2X2) has 
been used in this calculation. With larger subarrays, 


the permissible beam offset would be smaller. The sub- 
array technique is therefore not applicable when multi- 
ple beams are required unless the offset is very small. A 
stack of beams could be formed in elevation if each row 
were a linear subarray and if an amplifier were used in 
each row before summation of the row sums. 


VII. BEAM-STEERING TECHNIQUES 


In an array without amplifiers, beam steering is 
necessarily performed with RF phase-shifters. With an 
amplifier present on each element, a set of properly 
phased signals may be generated at any convenient fre- 
quency and then heterodyned to the desired frequency. 
Since lower-frequency circuitry is simpler and more 
stable than microwave components, an IF beam-steer- 
ing system is appreciably simpler than a set of RF 
phase-shifters. 

Since a linear phase gradient across the aperture is 
to be generated, a tapped delay line driven by a vari- 
able frequency oscillator suggests itself. The output 
frequency at the taps on the line will vary with beam 
position, since the beam is steered by changing the fre- 
quency in the line. To eliminate the resulting variation 
in the radiated frequency a dual mixing scheme is used, 
as shown in Fig. 14. This tapped delay line produces a 
linear phase gradient at a fixed frequency, since phase 
is preserved in a mixer and the frequency variation is 
eliminated. There are a number of possible variations 
of the system of Fig. 14. 

Two such beam-steering systems are required for two- 
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Fig. 14—If beam-steering system with dual mixing and fixed 
output frequency. 


dimensional beam positioning. The steering signal for 
the m,nth element is derived by mixing together the 
output of the mth tap of the horizontal-steering system 
and the ath tap of the vertical-steering system. The 
mixer output has a frequency which is the sum of the 
two input frequencies and a phase which is the sum of 
the two input phases. 

The tolerances on the tap outputs are very tight. 
Each tap controls the phase of an entire row or column 
of the array and its phase must be held to a few degrees 
even in a very large array. The equations of Section V 
are applicable if the tapped delay line is considered to 
be a linear array with a number of elements equal to 
the number of rows or columns in the array. These 
tolerances are more easily met at lower frequencies, but 
the delay line becomes longer and its size and weight 
increase. 

The IF beam-steering system imposes a lower bound 
on range resolution which may be important in some 
applications.** When a very short pulse is received from 
a target not at boresight, the signal will enter the ampli- 
fiers on one side of the array before reaching those on 
the other side. The pulse will be delayed equally in 
each channel and, at the output of the beam-forming 
network, will have a ramp-like leading edge and trailing 
edge of length D sin @/c, where D is the aperture di- 
ameter, cis the speed of light, and @ is the angle off bore- 
sight. If the pulse-length is less than this quantity, 
which is the transit time across the aperture, the pulse 
will never reach full amplitude. In most arrays, the 
transit time is a small fraction of a microsecond and the 
effect is not significant. If very high range resolution 
is wanted, then beam steering must be done with time- 
delays rather than phase-shifts in order to compensate 
the delay across the aperture. Ferrite phase-shifters 
will approximately resemble time-delays, and so a se- 
ries-fed ferrite-phased array may be made to have range 
resolution less than the transit time.*4 

IF beam-steering systems also produce a beam shift 
with a change of radiated frequency. This effect must be 
taken into account in setting the variable-frequency 
oscillator which controls the beam position. 


33 L. R. Dausin, K. E. Niebuhr, and N. J. Nilsson, “The effects 
of wide-band signals on radar antenna design,” 1959 IRE WESCON 
CONVENTION RECORD, pt. 1, pp. 40-48. 

34 C. M. Johnson, “Bandwidth of ferrite phase shifters for phased 
array and direction-finding use,” Proc. IRE, vol. 47, p. 1665, 
September, 1959. 
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VIII. BEAM-ForMING NETWORKS 


The formation of a monopulse or stacked-beam con- 
figuration of receiving beams requires that the ele- 
mentary signals, after amplification and conversion to 
IF, be divided and then combined with the proper 
phase-shifts to form beams offset from boresight. In 
this manner, an IF beam-forming network can be used 
to form a set of beams which can be steered as a group.*° 

In a planar array, the rows are usually summed first 
and then the row sums are combined as a column. If WM 
beams are formed in each row-combining network and 
N beams are formed in the column-combining network, 
then a set of MXN beams which are fixed with respect 
to each other are formed. For convenience, only a lin- 
ear array is considered here. 

A beam squinted at an angle @ from boresight is cre- 
ated by forming the sum 


D0: exp [2njnd sin 6]. 
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The simplest type of network uses a parallel RC com- 
bination to provide the phase-shift; that is, the sum 
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is formed with 
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where w is the IF used in the network. The appropriate 
sign is obtained by inversion in a double-ended ampli- 
fier. A part of a simplified form of an RC network is 
shown in Fig. 15. 

This network provides the desired output when the 
signal is a sine wave at the design frequency w», but not 
in the presence of an unpredictable Doppler shift or a 
broad-band signal. 

The network corresponding to (16) can be separated 
into two networks, a resistive network }),J, [cos 2rnd 
sin 6] and a reactive network i dont sin [2rnd sin 6]. 
Only the reactive network distorts the pattern. The pat- 
terns due to these two networks considered separately 
are shown in Fig. 16. The cosine-amplitude taper pro- 
duces beams at 6 and —@ with the same polarity, while 
the sine taper produces the same two beams with oppo- 
site polarity. When the two networks produce the same 
output, the two spurious beams at —@ cancel, while the 
two beams at 6 add. 

The Doppler shift of:a sine wave of frequency w pro- 
duces a network output of 


fama eee >A) med 


Wi 


(17) 


3 Beam-forming networks of this type were originated and de- 
veloped by Sanders Assoc., Inc. Section VIII is based on some un- 
published Sanders Assoc. memoranda and on an unpublished Bendix 
report by J. C. Nolen. 
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Fig. 15—Simplified RC beam-forming network forming one 
squinted beam. 
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Fig. 16—Patterns of resistive and reactive parts of beam-forming 
network, illustrating analysis of spurious responses. 


The term Jy is given by (15) and produces the correct 
(single-lobed) pattern, while the second term Ol (7) 
produces a double-lobed spurious response. The magni- 
tude of the spurious response in the beam (at @) is 
w/w)—1, which is usually negligible compared with the 
correct pattern, while the spurious response in the side- 
lobe region (at —@) is 1—w/wo. The spurious beam 
amplitude, referred to the main beam, is therefore 
Wy) —w/2w», and the Doppler shift must be less than 2 
per cent of the carrier frequency wo if the spurious re- 
sponse is to be 40 db below the main beam. This effect 
is a serious limitation if rapidly moving targets are pres- 
ent, if the IF is low, or if the radiated frequency is high. 

Distortion of a waveform f(t) can be treated simi- 
larly. If the frequency spectrum of the waveform is 
F(w), then the pattern distortion is given for each fre- 
quency component by the second term of Ghigo deine 
frequency spectrum of the waveform at IF is F(w— ao) 
and the spectrum of the network output is (w—wo/w») 
F(w—wy»). The waveform of the output is 


+? (uy — wo 
{ ic — woe dw 
=* Wo 


GaG)ae 
ei Pa ee eit (18) 
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The waveform which appears in the main beam 1s 


f(t) —j/2wof’(t), and that which appears in the spurious 


beam is j/2wof’(t). The waveform after passage through 
the beam-forming network thus has a distortion which 
depends on the pulse shape. This distortion is chiefly 
important in tracking systems, since it distorts the 


leading edge of the pulse. 


These pattern distortions can be reduced by com- 
pensating the capacitances with inductances, and the 
response of the network can be analyzed in the same 
manner. A better solution is to form the real and imagi- 
nary parts of (15) in separate resistive networks and to 
combine their outputs in a broad-band quadrature 
phase-shifter, as in Fig. 17. The pattern distortions of 
this network, which are essentially due to the quad- 
rature phase-shifter, can be analyzed by the same 
method. In this way, a beam-forming network which 
will handle a wide-bandwidth signal without pattern or 
waveform distortion can be designed. 
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Fig. 17—Broad-band beam-forming network forming one 
squinted beam. 


1X. RECEIVING ARRAYS WITH CLIPPING 


With a sufficiently strong signal, infinite clipping in 
each receiver normalizes each elementary signal without 
changing its phase and thus normalizes the received pat- 
tern as a whole without changing its polar plot or direc- 
tivity properties. An antenna without sidelobes but 
with the desired main beam can be obtained by setting 
a threshold above the sidelobe level of the normalized 
pattern. 

If the nonlinear amplitude characteristic of the re- 
ceiver is F(a), and if the receiver preserves the phase of 


the signal, then the received pattern in a linear array 
will be 


> 4.F(,) exp [—jndol, (19) 


196] 


where a, is the taper coefficient (applied after the non- 
linear operation), 7, is the wth elementary signal and 
is the phase gradient for beam’steering. If only a single 
signal is present, and if noise is neglected, J, = I) exp (jn) 
and F(I,) = F(Io) exp (jnd) due to phase preservation 
in the receiver. The received pattern is then 


F (Io) Sy a, exp (jn) -exp — (jndo), (20) 


which is exactly the linear-antenna pattern with ampli- 
tude F(Jo). If F(Z) =1 for all J (infinite clipper), then a 
normalized pattern is obtained for any input-signal 
amplitude. 

If two signals are present, then 


I, = I, exp (jno1) + 2 exp (jnd») 
= I, exp (jng1)[1 + aexp (jna)], 


where J; is the larger signal, a= I2/J, and a=¢2.—¢). In 
this case, the signal no longer has equal amplitude 
and linearly increasing phase across the aperture, but 
has amplitude 4,=[1+2acosma+a?]/? and phase 
6, =ngi+arc tan [a sin na/1+a cos na] at the nth ele- 
ment. The received pattern with infinite clipping is now 


DS a,-exp (J8,)-exp (—jndo). (21) 


Coherent addition will be obtained only when 6, =n6 
for some @. Since exp (j@,,) is periodic with period 27, it 
can be expanded in a Fourier series 


-+oo 
exp (j6,) = exp (jno:): >) C,(a) exp (jpna), (22) 


p=-2 


and the received pattern is 


Ss cx(a) 4 ee Lin(ds-+pa)|-exp [—jndu] (23) 


p=—20 


The pattern thus consists of the original pattern with 
“angle harmonics” having phase gradients which are lo- 
cated uniformly about the larger signal. Each “angle 
harmonic” is the linear pattern. Fig. 18 shows a com- 
puted pattern of a linear array with clipping. The true 
targets are at 0 and 24, while the peaks at —24, +48, 
etc. are spurious.* 

A plot of the “angle harmonic” amplitudes C,(a) as 
functions of a is shown in Fig. 19. The weaker signal is 
suppressed about 6 db. The “image” at ¢;—q@ has ap- 
proximately the same amplitude as the true smaller 
target. 

If the signals are below the noise at the clipper, which 
is usually the case in a large array, then the resultant 
of signal and noise will be normalized rather than the 
signal itself. The signal-to-noise ratio in each channel 
will be reduced by about 1 db. The signals will still add 
coherently, since phase is preserved by the clipper, but 


36 The existence of the “angle harmonics” was first pointed out 
by S. N. van Voorhis. The analysis given here is due to J. C. Nolen. 
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Fig. 18—Computed pattern of 61-element linear array with clipping 
at each receiver. No taper. Peak output with a single strong signal 
would appear at “normalization level.” Target voltage ratio is 0.6, 
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Fig. 19—Angle harmonic amplitudes with two signals and noise 


neglected. The larger target is at ¢:, the true smaller target at 
di +a, the first image at ¢:—a., etc. 


the signals will have a random distribution of ampli- 
tudes rather than equal amplitude before tapering. The 
measured pattern of the array will have a random side- 
lobe level and will be below the normalization level by 
about the signal-to-noise ratio at the clippers. 

Analysis of more complex situations is difficult, but 
experimental simulation is possible using distinct fre- 
quencies into a clipper.*” This is formally equivalent to 
the clipped array with multiple signals, with the 
“pattern” appearing as a frequency spectrum. The com- 
puted results of Fig. 19 were verified. Signals below 
noise at the clippers were simulated with a broad-band 
noise source and clipper followed by a narrow band-pass 
filter before spectrum measurement. If two signals are 
present, both below noise at the clipper, the system be- 
comes more nearly linear in the sense that the relative 


*7 This method of simulation was suggested by J. C. Nolen and 
carried out by R. Benson. 
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amplitudes of the spurious signals decrease. With three 
signals present, the expected multiple harmonics occur. 

When weak signals are present in a clipped array, the 
array will be approximately linear with a slight gain loss 
and small spurious responses. As the signals become 
strong enough to capture the clippers, the weaker signals 
will be suppressed by about 6 db and large spurious re- 
sponses will appear, leading to false target generation 
and angular ambiguity. The clipped array will eliminate 
an interfering signal in the sidelobe region, but its ability 
to see main-beam targets in the presence of inter- 
ference in the sidelobes is somewhat poorer than that of 
a conventional antenna with an unsaturated receiver. 


X. CONCLUSIONS 


Consideration of the radar requirements listed in 
Section I has led to the study of large steerable arrays 
with an amplifier for each element. These devices have 
the desired properties, but require the use of hundreds 
or thousands of transmitters and receivers in parallel. 
Attempts to circumvent the need for large numbers of 
amplifiers have in general been unsuccessful, although 
some of the techniques devised for this purpose are use- 
ful in special situations. 

The purpose of this paper has been to review the prin- 
cipal characteristics of such arrays and the major prob- 
lems encountered in their design. It is hoped that such a 
review may stimulate a wider interest in array tech- 
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niques and lead to better solutions of the inherent 
problems. 

On the theoretical side, further work is needed on 
synthesis of aperture distributions using unit elements. 
Nonlinear receiving arrays are known to have interest- 
ing properties, and a general theory of gain and resolu- 
tion for them would be of great interest. Further con- 
sideration of the relationships between gain, pattern, 
receiving aperture and element coupling would be useful. 

The future of the array radar depends primarily on 
component development. The components used in an 
array radar must meet all of the performance specifica- 
tions for conventional radar components, and in addi- 
tion they must be matched over a band of frequencies 
and must remain stable over long periods of time. A con- 
siderable price reduction is also necessary if the large 
array radar is to be economically feasible. 


XI. ACKNOWLEDGMENT 


The author wishes to thank his associates at the 
Bendix Corporation, especially J. C. Nolen and J. H. 
Best, and members of the engineering staff of Sanders 
Associates, Inc., for much of the material presented in 
this paper. He also acknowledges his indebtedness to 
D. D. King, S. J. Rabinowitz, and S. Falconer for their 
useful suggestions, and to C. M. Tennant, M. A. 
Abbott, and C. M. LaPorte for preparing the manuscript 
for publication. 


Signal and Data-Processing Antennas* 


G. O. YOUNG}, SENIOk MEMBER, IRE, AND A. KSIENSKI{, MEMBER, IRE 


Summary—This paper treats the antenna as an information 
processing device, and applies the concepts of modern information 
theory to the design of antennas and to the optimization of their per- 
formance. The principal optimization criterion employed is maxi- 
mization of information or data rate. 

The general procedure is to treat the antenna as a spatial fre- 
quency filter which is being optimized subject toa given set of con- 
trol inputs. Given these specifications, the information rate is maxi- 
mized with respect to the antenna system parameters subject to the 
physical constraints of the system. 

It is shown that in a general antenna system where noise is intro- 
duced in both the object and image space, the optimum antenna 


* Received by the PGMIL, January 28, 1961. The research re- 
ported in this paper has been supported by the Electronics Res. 
Directorate of the AF Cambridge Res. Ctr., ARDC, Bedford, Mass., 
under Contract No. AF19(604)-3508. 

+ Aerospace Engrg. Div., Hughes Aircraft Co., Culver City, 
Calif., and Dept. of Elec. Engrg., University of Southern California, 
Los Angeles, Calif. 

t Aerospace Engrg. Div., Hughes Aircraft Co., Culver City, 
Cahts 


aperture distribution is uniform. When the image, or receiver, noise 
is zero, the useful output information content and rate are independ- 
ent of the aperture distribution. An equation relating the signal and 
noise spectra and the aperture distribution is derived which shows 
the way in which the signal should be coded so as to maximize the 
information content. Processing is discussed generally, and a 
specific nonlinear processing scheme is analyzed. The general con- 
clusion is that nonlinear processing degrades the useful information 
rate when the SNR is low whereas it may improve the rate at high 
SNRs. Finally, a number of specific military and space applications of 
information processing antennas are considered. 


I. INTRODUCTION 
Evaluation of Existing Data-Processing Systems 


()iesi the past few years the emphasis in antenna 


design has been shifting from synthesizing pat- 
terns to the design of efficient information proc- 
essing devices. This emphasis has produced numerous 
schemes which claim to exceed the performance of con- 
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ventional antennas. Some of these schemes obtain their 
unconventional performance by nonlinear processing 
while others make use of incréased bandwidth or time 
modulation. Most nonlinear processors have the ad- 
vantage over conventional antennas of increased direc- 
tivity which is obtained at the expense of degradation 
in gain, multiple-target resolution, or SNR. In general, 
a trade-off is involved. The SNR is related to the gain 
and multiple-target resolution capabilities of the an- 
tenna. The signal-to-receiver noise ratio is degraded by 
low gain. The extraction of signal from background 
noise is deteriorated by poor multiple-target resolution. 
Typical nonlinear antennas rely on pattern multiplica- 
tion to remove ambiguities due to spurious beams. As 
a consequence, the undesired energy is rejected rather 
than converted into useful energy concentrated in a 
single beam as in a conventional linear antenna. For a 
linear antenna, a knowledge of the response to a point 
target is sufficient to describe the response of any tar- 
get. This is no longer true for nonlinear antennas where 
products are formed.' The product operation is common 
to practically all nonlinear antennas. A product results 
in simple pattern multiplication only in the case of a 
single-point target. In numerous schemes which have 
excellent single-target response, multiple-target reso- 
lution is poor and the response may indicate targets at 
wrong positions or none at all. 

Several schemes were recently suggested which em- 
ploy additional parameters to enhance the performance 
of the antenna. One scheme? employs wide-band signals 
and matched filters to achieve additional directivity, 
while preserving the linearity of the system. Another 
scheme® modulates the antenna parameters as a func- 
tion of time to obtain sidelobe suppression or simultane- 
ous scanning. 

The fundamental question which arises in connection 
with all of the above schemes is whether or not the over- 
all performance of the system has improved. In order 
to answer this question, a basic criterion must be formu- 
lated which applies to all systems. 


The Information Theory Approach to Antenna Design 


The fundamental point of view taken in this paper is 
that the antenna is an information processing device. 
The antenna is not treated as a separate entity which 
must satisfy certain requirements on beamwidth, side- 
lobe level, etc. but rather as an integral part of a system 
which attempts to process the information available in 
an optimum way. Consequently, the concepts of infor- 
mation theory are applicable to the problem of optimi- 
zation of antenna systems. 


1C, J. Drane, Jr., “Phase-Modulated Antennas,” AF Cambridge 
Res. Ctr. Bedford, Mass., Tech. Rept. No. AFCRC-TR-59-13 
(AD215374); April, 1959. ; 

2. R. Dausin, K. E. Niebuhr, and N. J. Nilsson, “The Effects of 
Wide-Band Signals on Radar Antenna Design,” presented at 
WESCON, San Francisco, Calif.; August, 1959. 

3H. E. Shanks and R. W. Bickmore, “Four-dimensional electro- 
magnetic radiators,” Canad. J. Phys. vol. 37, p. 263; March, 1959. 
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One of the principal difficulties in system synthesis 
and design is the proper specification of an optimization 
criterion. If the information that the system is intended 
to yield is properly specified, then surely the “best” 
optimization criterion is one which maximizes this de- 
sired information content (or rate). In the case at hand, 
the criterion will be that the maximum number of ele- 
ments in the object be distinguished (7.e., resolved) in 
the image during a given observation time. Conse- 
quently, information rate is the quantity to be maxi- 
mized in antenna system design. 

Surface surveillance radars (or search radars in 
which the volume to be searched contains a very large 
number of targets) require higher information rates 
than search radars (in which the search volume contains 
few targets) and track radars. It can also be shown that 
search radars require higher rates than track radars.’ 
In tracking radars, only a few bits of information per 
pulse and/or per lobing cycle are required. The higher 
the information rate, the greater the required input 
SNR. 

It is difficult to specify properly the minimum dis- 
tinguishable element. The size of the minimum dis- 
tinguishable element is a function of the SNR. If there 
were no noise, infinitesimal elements could be resolved, 
and the information content would be infinite. Since this 
ideal situation does not occur in nature, the idea of in- 
finite information content is of academic interest only. 
A more sophisticated approach is to find the useful in- 
formation in the image from a knowledge of the prob- 
ability distributions of the various sources of signal and 
noise and the effect of the antenna on the average in- 
formation content, or “entropy,” and the rate. The sys- 
tem can then be optimized by maximizing the entropy 
in the image and the information rate at the antenna 
terminals with respect to the antenna parameters. 
Further improvement can be achieved by appropriate 
processing or coding operations. 


Radar Systems Analogies to Classical 
Communications Systems 


It is convenient to apply classical (Shannon) com- 
munication theory® to antenna design. The classical 
Shannon communication system is represented in Fig. 1. 
In this system the nature of the source is assumed to be 
known completely (that is, its statistics are known). 
The encoder includes the transmitter, the modulator, 
and whatever actual encoding scheme is used preceding 
transmission. The link is the actual transmission chan- 
nel between transmitter and receiver. The noise is 
usually assumed to have a constant spectral density 
over a finite bandwidth, and is purely additive to the 
signal in the link. The decoder performs the inverse 


4G. O. Young and A. Ksienski, “Signal and Data Processing An- 
tennas,” Hughes Aircraft Co., Culver City, Calif., Sci. Rept. No. 
8236/1; April, 1961. 

5 C. E. Shannon and W. Weaver, “The Mathematical Theory of 
Communication,” The University of Illinois Press, Urbana; 1959. 


96 IRE TRANSACTIONS ON 
operation to that of the encoder and includes the re- 
ceiver and whatever demodulating and decoding appa- 
ratus is necessary. It is clear that if the antenna system 
to be designed is to be used in a communication system, 
the diagram in Fig. 1 is applicable. An analogy between 
a passive radar system and Fig. 1 is illustrated in ace: 
The target in Fig. 2 is analogous to the source in Fig. 1. 


| 
ome vet of me Lo see L DESTINATION 
| | 
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Fig. 1—Communications system. 
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Fig. 2—-Passive radar system. 


In the passive case, the source is said to be “uncon- 
trolled.” In other words, the target may be a planet or 
heat source which is a true radiator, or it may be a re- 
flector which reradiates incident radiation in such a way 
that the reflected radiation is completely uncorrelated 
(i.e., unrelated to) with the incident radiation. Under 
these circumstances, the radiation from the target can- 
not be controlled, hence there is no encoder. The link 
may be considered as the region of space between the 
target and the antenna. Noise may indeed be added in 
this region, and may rise from extraneous targets, 
ground return, background noise, etc. The decoder con- 
sists of the antenna and the receiver including com- 
puting, tracking, or display apparatus. In general, there 
will be noise added in the receiver or even in the antenna 
and RF equipment preceding the receiver as well as in 
the link. The source itself is usually noisy. This noise 
exhibits itself in a number of ways. For example, if the 
source is of finite extent and is scintillating, then the 
direction of arrival of the wavefront will vary in a ran- 
dom way so that the precise direction of arrival ema- 
nating from the center of echo of the target is masked. 
The received signal may not only scintillate in angle 
but also in any of the other coordinates (for example, 
in amplitude). Amplitude scintillation makes the target 
more difficult to detect in the presence of additive am- 
plitude noise such as is found in the receiver. The target 
may also scintillate in range if it has a finite depth. 
Scintillation may also occur in all the derivatives of both 
angle and range. The target may vary all the way from 
a perfect reflector (7.e., a controlled source) to a com- 
pletely uncontrolled source as in the passive case. A 
perfect reflector simply reradiates the incident radiation 
with a known change in amplitude and phase and intro- 
duces no noise. Such reflections are said to be “specular” 
and the target is said to be “coherent.” If the target is 
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‘Illuminated but the reradiation is not related to the in- 
cident radiation, the reflections are said to be “diffuse” 
and the target is “incoherent.” In the most general case, 
the target produces partially specular and partially dif- 
fuse reflection. Such a target is said to be “partially co- 
herent.” In order to set up a mathematical model for 
radar or communications systems, and in an effort to 
make an analogy to the Shannon communications sys- 
tem, it is necessary to set up a mathematical expression 
which relates the object or source to the image or an- 
tenna output. This is the subject of the next two sections. 


Il. SPATIAL FREQUENCY REPRESENTATION 


Let O(x, y) represent field strength in the “object 
plane,” z.e., the plane of the source, or “object.” « and 
y are the coordinates in the object plane. Let I(x’, y’) 
represent field strength in the image plane, where x’ and 
y’ are the coordinates in the image plane. If the source 
is a point target, the image is given by the antenna 
pattern, that is, the “spread function” of the aperture 
field. When the antenna is scanned, this spread function 
h(x, y) is convolved with the object field O(x, y) to yield 
the image field I(x’, y’), 


Dey a ih O(a, y) h(x’ — x,y’ — y)dady. (1) 


Whereas the image plane is real in mirror-type antennas 
such as parabolic reflectors, the image plane is hypo- 
thetical in antennas such as arrays, where the actual 
antenna output is a vectorial summation of voltages in- 
duced on the elements of the array. Nevertheless, the 
antenna can usually be represented by operations of the 
type in (1) followed by appropriate linear and/or non- 
linear operations on the outputs of the individual ele- 
ments of the array. If only one dimension is of impor- 
tance, as in linear arrays, (1) reduces to 


T(«’) = i} O(x) h(x’ — x)dx. (2) 


—eo 


Eq. (2) is identical in form to the response of a linear 
filter to an input time function. h(x) corresponds to the 
weighting function of the filter, z.e., the response to a 
unit impulse or delta function. Let 


o(u,2) = 5100, 1 = ff “Ola, yetutwdady (3) 


where u=2zf;,v=2tf,. fz and fy, are spatial frequencies. 
Similarly, 


§(u,v) = S[I(x’, y’)| = [ i LON ET Oe UG eee) 
and 


T(u, v) = S{h(x, y)| = a h(x, ye tt dxdy. (5) 


1961 


Transforming both sides of (1) yields 
S(u, v) = T(u, v)O(u, v). (6) 


In the network analogy 7(uw, v) is now the transfer func- 
tion of the spatial frequency filter. Note, however, that 
T(u, v) is equal (except for a constant) to the aperture 
illumination since it also is related to its far-field pat- 
tern by a Fourier transform.’ The coordinates in the 
image pattern are related to the angular coordinates of 
the antenna pattern by 


are 
x = —sin 6’ cos d’ 
/ 
Qa 
y’ = — sin 6’ sind’, 
r 


where ¢’, &’ and KR’ are spherical coordinates of the point 
(x’, y’) measured from an origin which is the inter- 
section of the antenna axis and the plane of the antenna 
aperture. 

There is one important difference between the single- 
dimensional and two-dimensional transform relation- 
ships. In the single-dimensional case, one may vary the 
phase along the array in an arbitrary fashion without 
invalidating the transform relationship between the far- 
field pattern and the aperture distribution. The phase 
behavior in the two-dimensional case is restricted to 
being either constant or varying linearly across the 
aperture. This, however, does not restrict the spectral 
behavior or requirements of the far-field pattern. Dif- 
ficulties may arise in implementing an antenna design 
which is required to produce a far-field pattern with a 
given transform. The antenna can still be synthesized 
by producing a far-field pattern which has the desired 
transform. The aperture distribution is obtained, how- 
ever, by solving an integral equation rather than in- 
verting a transform. Certain analogies exist between the 
temporal spectra of network filters and the spatial 
spectra of spatial filters. In both cases, the best possible 
filter characteristic for fidelity of transmission is a flat 
spectrum. Also, the peak signal-to-average noise ratio 
is maximized by employing a matched filter. A matched 
filter has the same attenuation characteristic and the 
negative phase characteristic of that of the signal. 
Translating these requirements into the spatial domain 
requires that the aperture shading be the same as the 
excitation produced by the source and that the phase 
distribution be the complement of the arriving phase. 
In the simple case of a point target, this is equivalent 
to scanning the antenna in the direction of the arriving 
wavefront. 

In an active coherent radar system, the target is 
illuminated by an antenna whose far-field pattern is 
given by h(x) and the echo is received by an antenna 


6S. Silver, “Microwave Antenna Theory and Design,” M.I.T. 
Rad. Lab. Ser., McGraw-Hill Book Co., Inc., New York, N. Y., 
vol. 12, p. 174; 1949. 
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whose pattern is /2(x). The image equation is given by 
Lge xc — x) h(x’ — x)O(x)dx, (7) 


or if the same antenna is used for transmitting and 
receiving, 


TC) = f #0’ On) ax (8) 


Thus the spatial frequency characteristic of the anten- 
nas in the two-way process is given by 


I(u') = le T(u' — wud O(n’), (9) 


which is equivalent to passing the signal twice through 
the same filter. An important difference between tem- 
poral and spatial signals is that a time signal has its 
principal spectral power confined to a limited band, 
whereas spatial objects are finite and therefore have 
infinitely wide spectra. In the time domain, the noise 
spectrum is ordinarily much wider than the signal spec- 
trum so that increasing the filter bandwidth indefinitely 
eventually worsens the SNR. In contrast, increasing 
the aperture size always improves the spatial SNR if 
coherent detection is used. 


III. EXTENSION OF INFORMATION THEORY TO 
SPACE DIMENSIONS AND ANTENNAS 


The ordinary communications system concerns itself 
with the properties of time functions and not with the 
spatial dimensions involved. Antenna system design, 
however, is concerned with both time and space func- 
tions. Hence, the basic theory must be extended to in- 
clude such functions. Let the angular bounds on the 
source be —A <x<A, —B<y<B. Let 


A B 
Oap(u, v) -{ av J adyO(x, ye 7), (10) 
—A —B 
Define the spectral density of the object field as 


ieee es 
Golfo, fy) = ee aaa OaB(fe, fu) |? (11) 


Bow 


The space frequencies f, and fy, are each measured in 
cycles per space dimension, for example, cycles per 
meter. The one-dimensional spectral density G(f,) is the 
time and ensemble average of the field strength squared, 
or average “power,” per cycle per meter. In (11), Op 
is the finite spatial Fourier transform of the object field 
over the limits +A and +B which enclose the object. 
The bar denotes an ensemble average. Since the object 
bounds are usually finite, an approximation to the true 
density in (11) can be obtained by omitting the limiting 
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operation. The expression for the spectral density of the 
image is 


1 
Gr(fz,fy) = lim — | $a@Ge fy) 1’: (12) 


Qi- AB 
Qo 


where J@@ is the finite transform of I(x’, y’), and +@ 
and +@ are the bounds on the image. 

If the space frequency bounds on the object are + W; 
and +W,, the object can be completely represented by 
16W,W,AB sampling points in either the space or 
spatial frequency domains. The sample points in the 
frequency domain are separated by the reciprocal of the 
distance between the space bounds in the corresponding 
dimension, or 


nN WV 


fea fy= a: (13) 
Seid kee, 7B 

Similarly, the image can be represented by 16Q@@BW,W, 
samples. Note that the number of sampling points rep- 
resenting the object is the same as that representing the 
image, or 


16A BWW, = 16GBW,W, (14) 


where +W, and +W, are the bounds on the image 
spectrum, or aperture. The absolute entropy per object 
point is by definition 

H(O) = — [ ro In p(0)do. (15) 
The successive frequency samples in the object are as- 
sumed to be statistically independent and the probabil- 
ity distribution p() at each point is assumed to be the 


same. If the (antenna) filter transfer function is not flat, 
the entropy per point in the image plane, 


(8) = — { (9) In pls). (16) 
is not the same at each sampling point, although the 
samples are still mutually independent. The average 
entropy per sampling point is 


16QBW AW, 
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16ABW WW, 


HD) a (17) 


The useful entropy per image sampling point is by 
definition 


H, = H(3) — H(s 


0). (18) 


The conditional entropy H(s| ©) is zero if the channel 
is non-noisy and is equal to H(g) when the system is 
completely saturated by noise, 7.e., when the image and 
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object are completely uncorrelated. 
It can be shown! that the change in entropy per sam- 
ple from object to image is 


SW Wy 


We (Wy 
ai i ; in | T (fe, fu) |2df.dfy. (19) 
LNs oh AW 


H(9) = H(o) + 


From (19), the output (image) entropy can be found 
from the input (object) entropy and the transfer func- 
tion of the (antenna) spatial frequency filter without ex- 
plicit knowledge of the probability distribution of the 
image. This distribution is very diffcult to find if the 
input distribution is non-Gaussian. If the object is 
noisy, the signal, or desired part of the object, can be 
called Os and the noise, or undesired part, On. In the 
general case of additive noise Nz in the image as well 
as additive noise N; in the object, and assuming NV; to 
be statistically independent of the spatial filter output 


ON | (%Y) 


Y, ty 
ney) 


Fig. 3—Functional block diagram of antenna system. 


(see Fig. 3) we have, 

dere 3 TsinitNe ae I sin, = In, 
F— [Osi (fey fu) (heen) 36 Lys 
= §[OsT| + 5 [Ov,T] + Inp. 


I 


(20) 


Deriving a general expression similar to (19) is now 
quite difficult without explicit knowledge of the distri- 
butions involved, since in order to make use of the for- 
mulas expressing entropy loss after filtering, the entropy 
for a sum of random variables must be found. The trans- 
form of (20) is 


$= G3 + Sn = 9s + Onl + Iny. (21) 
It can be shown‘ that 
H(9) = H[(@s + Ov) T + Sn,] (22) 
and 
H($n) = H(d| 0) = H(On,T + Jy,). (23) 
It can also be shown‘ that 
G5 (fos fu) = Golfer fu) | Tar fo) |? (24) 
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The total image power is the variance of the image 
probability distribution, or 


1, W eae? ra et 
ie ii df, iE dfyO5 (fas fy). 
0 Wy at 


If the known input distribution is Gaussian, the en- 
tropy for the sum of two variables is readily found, 
since the output distribution is also Gaussian. Thus, 
from (21), if the distribution of 0,, Ov, and Oy, are all 
Gaussian and independent, the distributions of ¢ and 
Jy are also Gaussian. If 7(f:, fy) is not flat, the output 
spectrum is flat only over the infinitesimal region 
AfrAf,y. Since the output frequency samples are inde- 
pendent, the total useful entropy can be found by inte- 
grating the entropy for each frequency sample over 
+W,+W,. Using 21, 24, 25, and the expression for the 
useful entropy of Gaussian signal and noise,® the 
average entropy per degree of freedom can be shown 
to be.* 


1 We Wy. 
Hi, a ee aj. { dfy 
SWew eked aes Wy 
G ee : vii 25 . 4 
a(i+ __ alfa fi g fu) | ae 
Gy,( fe, fy) | Drea) z ae Guo(fe, fy) 


(25) 


A number of interesting and useful conclusions can 
be drawn from (26). For one thing, the useful statistical 
information depends only on the magnitude (squared) 
of the Fourier transforms of the object signal field, the 
object noise field, the image noise field and the antenna 
pattern. For example, the phase distribution across the 
aperture has no effect on the minimum number of dis- 
tinguishable elements in the image.’ The phase distri- 
bution does affect the antenna pattern, however. A 
linear phase distribution usually yields that pattern 
which is most convenient for measurement but does not 
affect the information content of the echo. The useful 
entropy is maximized when the magnitude of the inte- 
grand in (26) is maximized. Note that 


(2aGe esp ee (27) 
over the range 

as SW 

WS fy Wy. (28) 


If the noise and signal spectral densities are fixed, the 
integrand in (26) is maximized for 7 (fz, f,) =1 over the 
region defined in (28). Deviations from the equality sign 
in (27) will be called “aberrations.” If there are addi- 
tional constraints on 7(f;, fy) so that | 7] cannot be unity 
over the region in (28), the maximization problem be- 


7 This phase distribution refers to pattern shape and not to scan- 
ning which is accounted for in the image equation (1). 


Young and Ksienski: Signal and Data-Processing Antennas 99 


comes a calculus of variations extremization problem 
subject to auxiliary conditions. If the various spectral 
densities are not fixed, further improvement may be 
attained. Usually, Gy, and Gy, are fixed, but Gs may be 
able to be controlled. For example, if the desired object, 
or target, is coherently illuminated, and the target is a 
specular reflector, by appropriate coding of the trans- 
mitted signal the spectrum Gg may be maximized with 
respect to Gy,. In any case, coherent or even partially 
coherent target reflections are under the control of the 
system, hence Gg can in principle be changed in sucha 
way as to maximize the useful received entropy. It is 
the interaction between the image noise spectrum Gy, 
and the aberrations of the transfer function that causes 
the antenna to reduce the useful entropy. If the image 
noise Gy, is zero, the information per degree of freedom 
in the image is independent of the aberrations. Indeed, 
the antenna transfer function does not appear in (26) 
in this case. In other words, the useful information per 
sample is completely independent of the antenna pat- 
tern when the image is noiseless. Of course, the total 
entropy, 7.e., the total number of distinguishable ele- 
ments in the image, increases with increase in W, and 
W,, 7.e., with increase in the size of the aperture. In fact, 
if in addition the signal and noise spectra are flat, (26) 


reduces to 
9 
os” ) 
; 
GN, 


which is analogous to the Shannon formula for the en- 
tropy per degree of freedom for time signals. The general 
problem of the optimization of (26) is a calculus of 
variation extremization problem. With 7‘(f:, f,) so ad- 
justed as to make | T| a maximum at every point over 
the région. —Wi Sj2S Ws, = W, <Jym Wy, the mntegral 
is maximized for fixed signal and noise spectra. If, how- 
ever, the signal spectral density Gs(f) is capable of being 
controlled, further optimization is possible. Assume the 
commonly occurring situation of a constraint of a given 
average signal power P,. This can be written as the inte- 
gral constraint 


AWE” RY, Seven eee 
eR { ai Gs(fe, fy) dfedfy- 
0 0 


We wish to maximize (26) after | T| is made a maximum 
everywhere subject to constraint (30). The solution to 
the problem is 


1 
Hy = i In (1 + (29) 


(30) 


1 Gu 


= Ge (31) 
S N T 


d is a constant and is adjusted so that (30) is satisfied. 
Thus, maximum useful entropy is received in the image 
when the spectra Gg, Gy,, and Gy,/| T| 2 add to give a 
constant = —1/n. 
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IV. EXTENSION TO SPACE AND TIME VARIABLES 


Up to this point, we have simply maximized the total 
entropy, or information content, in the image, without 
regard to the time necessary to perform the maximiza- 
tion. The object frame must, however, be scanned ina 
certain period of time 7. It is normally required that the 
antenna gather as much information as possible in the 
time 7. Thus, the proper optimization criterion for an- 
tenna design is maximization of information rate. As the 
antenna scans the frame, the receiver receives a time- 


varying message. Let the duration of this message be if 


and the corresponding (approximate) temporal band- 
width of the message be By’. At a particular instant of 
time, the antenna samples the object. The output volt- 
age across the antenna terminals is proportional to the 
field strength at the feed if the dimensions of the feed 
are small compared to the size of the image. In order 
to reconstruct the object, the antenna scans the object 
as a function of time. Hence, the image equation is given 
by 


I[x', yO] 
e ip if O(x, hx") — x, 9'() — yldxdy. (32) 
OP a5 


Thus, although J is a function of ¢, it is not an explicit 
function of tas so long as the object remains stationary. 
The time variation comes about as a result of the scan- 
ning. The probability distribution of the image remains 
stationary, 2:¢., p{ Ix’), y(t) l} is not a function 
of time. Consider a typical variation of image-field 
strength I vs x’ and ¢ as shown in Fig. 4. The samples of 
I when projected on the Ix’ plane are chosen to be 
1/(2W,) apart, according to the sampling theorem. The 
corresponding separation of the samples projected on 
the It plane is 1/(2By’). V(¢) is proportional to the pro- 
jection of J[x’(é)] on the Jt plane. Since x’ and ¢ are 
functionally related according to the curve in the xt 
plane, 

Vide 1G) Ph) (33) 
The preceding argument can be extended immediately 
to two space dimensions x and y. In the more general 
case where the object does move (for example, an air- 
craft or missile target), O(x, y) is an explicit function of 
time and hence should be written O(x, y, t). Eq. (32) 
then becomes 


Ix’), 9), 4] 
A B 
= i) rf O(x, y, Dh{x’() — x, yO) — yldxdy. (34) 
—A — 


T also becomes an explicit (as well as an implicit) func- 
tion of time, and the probability density pl(x’, y’, t) is 
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Fig. 4—Representation of image function when object is scanned. 


nonstationary in time. The image entropy in this case is 
CO ab are { p(x’, y’, é)| In p[I(x’, 9’, t)|dI. (35) 


If the image is space-stationary, #.e., if the probability 
distribution at each of the image space-sampling points 
is the same, Hy is not a function of «’ and y’. If, in addi- 
tion, the image is time-stationary, 7.e., if the probability 
distribution at each of the time-sampling points is the 
same, Hy is not a function of ¢. It can be shown* that a 
space average entropy can be defined for space-nonsta- 
tionary distributions by adding the entropies at each 
sampling point (if the field strength at each sampling 
point is mutually independent of that at every other sam- 
pling point) and then by dividing by the total number of 
space-sampling points. In other words, a space average 
is taken. Likewise, a time average entropy-can be de- 
fined in the same way by adding the entropies at every 
time-sampling point and dividing by the number of 
time-sampling points. By considering a four-dimensional 
space in which J is plotted vs x’, y’, and ¢, a combined 
space and time average can be taken. Similarly, in the spa- 
tial and temporal frequency domain, J may be plotted 
vs fr, fy, and f. Since there are 2BoT degrees of freedom 
in the temporal domain for a message of duration 7 and 
bandwidth Bo, the number of degrees of freedom in the 
spatial and temporal domain are 32 BoTW,W,@Q8. As- 
suming successive frequency samples to be statistically 
independent and the output or image temporal spectrum 
to be nonflat, the procedure is similar to that used to 
derive (26). Note that no additional degrees of freedom 
occur when the object is not moving, since even if the 
antenna is scanning, to every ¢ there corresponds a 
unique value of x’, y’. Since information rate is, by defi- 
nition, the total useful entropy divided by the observa- 
tion time 7, and since time does not appear in the 
entropy expression when the object does not move (and 
the image noise is time-invariant), the rate is maximized 
in this case by letting 7-0. When the object moves, or 
when the image noise is time-varying, 2By7° additional 
degrees of freedom appear in the sample space. The 
total useful entropy is then analogous to (26) except for 
the additional time variable and degrees of freedom. 
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Letting f be the temporal frequency variable, the infor- 
mation rate is 


Hz BO We Wy 

Ik == = 2000 f af f ‘ af { df, 
IE —Bo —W —W, 

f 2 Galas ful) Bee 

ReaCPereng,) 


The rate in (36) can be maximized in the same way as 
the entropy in (26). 


F =f 
[ Gy (fe, fu, f) Ne 


In 


(36) 
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V. PROCESSING 


Since the outputs of the individual elements of an ar- 
ray (each element may itself be an array) are available, 
it is possible to process the outputs separately before 
summing. A common class of processing techniques in- 
volves successive product operations. These nonlinear 
operations are usually performed for the purpose of in- 
creasing the effective antenna aperture without. in- 
creasing its physical size. The useful entropy and rate 
for such processors can be calculated. Consider two 
arrays with distance “d” between phase centers whose 
outputs are multiplied as shown in Fig. 5. In the absence 
of noise, the output voltage for a point target can be 
shown to be 


sin 4a\x an 
Ve = — (a =@2,b=0,x« = a sin a). (37) 


4a 1x 


Eq. (37) shows the effective aperture dimension to be 
twice the actual aperture length. For an extended target 
(or multiple targets), the outputs of the two arrays are, 
respectively, 


A 
(ELC) =/ O(x, t)hy(x’ — x)dx (38) 
—A 
and 
A 
I(x’ ,.t) = O(x, t)ho(x’ — x)dx, (39) 
—A 
where 
sin ax 
his) =-Ay(a) ~~ — (40) 
AX 
ho(x) = A(x) cos (dx) ~ cos aex cos ( dx) (41) 
where 


a 2a, == Li = 2a. 


In this case, the voltage V;= V;,V;s,, where V;, is pro- 
portional to [;(x’, t) and V;, is proportional to J2(x’, ¢). 
To find the entropy of V;, the distribution of the product 
must be evaluated. It can be shown? that the distribu- 
tion of the product of two random variables is 


Vs 
p(Vy) ae f Prawe @ =) dV py 
Ve 


(42) 
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ARRAY #1 
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ARRAY #2 
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FILTER 


Fig. 5—Simple processing scheme. 


where Py,,,vy, 1s the joint distribution of V;, and Vy,. 
If the joint distribution of O(x1) and O(x.), where 
a 

x(t2) 

is Gaussian, then py,,, v,, is also Gaussian. The joint dis- 
tribution of V;, and V;, is specified by the means, vari- 
ances, and correlation coefficient. The means are as- 
sumed zero and the variance calculations are straight- 
forward, but the correlation coefficient depends on the 
correlation of the wavefronts as they simultaneously 
impinge on the two arrays. Several cases have been 
calculated* for various degrees of coherence. The 
evaluation of the integral in (42) is very difficult, but 
has been carried out numerically for several cases.‘ 
The useful entropy can be calculated for the general 
situation shown in Fig. 4. Such calculations have been 
carried out,* with the conclusion in each case being that 
if the SNRs are small, the information content and in- 
formation rate are degraded by multiplicative antenna 
processing of the type just considered. 

Consider a simple example of independent Gaussian 
signal and spatial image noise through a flat one- 
dimensional spatial filter (7.e., a uniformly illuminated 
antenna aperture). In this case, (36) reduces to 


x1 


(43) 


l| 


Xo 


R = 4ByW,@ In (1 + o?/oy,2) (44) 


where 


os"/on, = SNR (in power). (45) 
At SNRs above a given threshold (on the order of 
unity), the rate R increases more rapidly with increase 
in bandwidth W, than with increase in SNR. At low 
SNRs, however, 


os? 
R = 4W,@By:-—— » (46) 


ON, 


so that the rate increases linearly with an increase in 
either bandwidth or SNR. Since most nonlinear proces- 
sors gain bandwidth at the expense of SNR, the infor- 
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mation rate is degraded because of loss in SNR at the 
same time it is improved because of increase in effective 
bandwidth. Since at high SNRs, bandwidth increase is 
more significant than SNR loss, nonlinear processing 
may provide improvement. At low SNRs, SNR degra- 
dation is more effective than bandwidth increase so 
that nonlinear processing will not improve the infor- 
mation rate, and generally will degrade it. There are 
many other types of processors, not all of which are non- 
linear. An example of a linear processor is the matched- 
filter technique, wherein a matched filter is used to 
accept broad-band signals and to discriminate against 
noise. Linear processors usually discriminate against 
noise at the expense of increased integration time, or 
redundancy. Such processors are in general more effec- 
tive than nonlinear ones at low SNRs, where increase 1n 
SNR is as effective in increasing the information rate as 
the increase in observation time is in decreasing the rate. 


VI. SPACE CODING 


One can improve the SNR of time-varying signals by 
increasing the signal bandwidth (coding) before ex- 
posing the signal to noise contamination. When the sig- 
nal is received, a coherent detection process (decoding) 
converts the signal to its original bandwidth while dis- 
criminating against the noise. The aforementioned trade- 
off between SNR and bandwidth assumes that adequate 
bandwidth is available in the link as well as in the trans- 
ducer which transfers the signal from the source to the 
link. Although this assumption is valid for most time 
signals, it is not generally true for space signals. In the 
spatial case, the bandwidth available is (defined and in 
fact) equivalent to aperture size and any manipulation 
of the far field (which is the equivalent of varying the 
time function) cannot increase the spatial bandwidth 
of the antenna which is continually used to its full 
extent. 

Redundant coding is useful in the reduction of errors. 
One type of error is due to angular scintillation which 
causes the apparent location of a target to be different 
from its true location. This kind of error is especially 
important in systems using simultaneous scanning, 
where the whole observation range is illuminated simul- 
taneously. The echo may then be received on the wrong 
beam. This difficulty may be remedied by transmitting 
the various beams at slightly different frequencies.’ If a 
stacked beam system is used for receiving, the signal 
frequency at each pair of terminals is compared with 
the frequency which should appear at those terminals 
according to the code. This error detecting and cor- 
recting code substantially reduces scintillation errors. 


VIL. APPLICATIONS OF THE THEORY 


Substantial improvement over conventional tech- 
niques in planetary surface surveillance and mapping 
can be achieved by maximizing information rate ac- 
cording to the procedures developed. Since in this case 
the object dimensions are large compared to the beam- 
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width, the antenna can be designed to yield the maxi- 
mum magnitude of the spatial frequency transfer func- 
tion, and the scanning can be programmed in such a 
way that (31) is satisfied. By varying the intensity of 
the beam as it scans the spectrum, Gs(fz, fy) can be ap- 
propriately coded such that, 


Gries iy) 
Lela 


As an example, consider an extended object whose sur- 
face is specular (a smooth surface) over a portion of the 
area and diffuse (rough surface) over another. The opti- 
mum scanning program to yield the clearest picture of 
the object for a given observation time would spend 
more time illuminating the specular area than it would 
the diffuse area, thus increasing the SNR of the inte- 
erated return signal. The computer which will perform 
this function must be quite sophisticated so as to adjust 
the program according to the previously received infor- 
mation. In other words, the system should be self 
adaptive. Improvement according to (47) can be 
achieved if the return from the object is at least par- 
tially coherent. 

Space coding such as described in this paper can be 
advantageously used in a number of technical military 
applications. For example, a search-while-track radar 
can employ simultaneous scanning and, at the same 
time, discriminate against unwanted targets and angu- 
lar scintillation by frequency coding the beams. Un- 
desired targets, decoys, and other active counter- 
measures can be discriminated against once the desired 
target has been selected and appropriately coded. 

Improvement in the resolution of receiving antennas 
used in tracking small targets such as satellites or 
I.C.B.M.’s can be achieved by appropriate processing. 
In satellite communication systems, directivity is of ut- 
most importance. Extreme directivity can be obtained 
at the expense of increased error rate in communication. 
By appropriately coding the source, however, high 
SNRs can be insured so that the increase in error rate 
resulting from improved directivity is still within the 
acceptable tolerance. Essentially infinite range com- 
munication systems can be devised by employing satel- 
lite repeaters whose separation is determined by the 
error rate tolerance. 


= constant. (47) 
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Improved directivity will improve the radar and com- 
munication range of limited diameter and_ limited 
weight vehicles such as satellites by means of light- 
weight, compact processing devices instead of by brute 
force methods such as increasing transmitter power and 
weight. 

The principal purpose of this paper has been to deter- 
mine methods for realizing the optimum information 
processing antenna system yielding the maximum in- 
formation rate consistent with the system’s physical 
constraints. The second purpose was to indicate the use 
of these methods in existing and proposed military and 
space vehicles. 
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Signal Processing Techniques for Surveillance Radar Sets* 


C. A. FOWLER}, MEMBER, IRE, A. P. UZZO, JR.{, MEMBER, IRE, AND 
A. E. RUVINT, MEMBER, IRE 


Summary—One of the major recent advances in radar technology 
has been in the processing of the received signals. Several techniques 
have been developed to enhance the desired signals (aircraft) relative 
to ground clutter, sea clutter, rain, interference from other radars, 
and active countermeasures. 

The following techniques are discussed: MTI, Sweep Integration, 
and Blanking and Switching. A signal processing system utilizing 
these techniques is described. 


INTRODUCTION 


VER the past decade, one of the major advances 
() in radar technology has been in the processing 

of radar signals. Technique developments have 
been principally associated with the relief of effects due 
to ECM and ground clutter and improvement in target 
detection capability. Additional effort has also gone into 
the development of automatic and semi-automatic de- 
vices that select the best signal processing techniques 
and output signals for use in particular areas and in 
specific environments with emphasis on the multiple 
processing of the radar video. 

Signal processing techniques can be divided into two 
broad classes—techniques that are essentially linear and 
attempt to separate the desired signals from inter- 
ference or noise on the basis of some selective property 
of the system, and techniques that are based on blank- 
ing of the radar output in the presence of undesired 
signals. Both approaches have areas of utility, but it is 
preferable to use enhancement of the desired signals 
prior to the use of blanking. 

Radar returns of interest can be characterized as 
having a known frequency, spectrum, pulse length and 
repetition period. 


MTI 


MTI (Moving Target Indicator) is a radar technique 
used to separate moving targets from fixed targets. The 
signal received from a moving target is essentially a line 
spectrum shifted from that of fixed targets by the Dop- 
pler effect. In an MTI, the composite signal of fixed 
clutter and moving targets is processed to filter out the 
fixed target spectral components and to pass the others. 

The MTI, developed during World War II for sur- 
veillance radar,! was a coherent, uniform PRE system 
utilizing a simple single canceler as a comb filter (Fig. 1). 
The velocity (frequency) response of this comb filter is 
shown in Fig. 2. This canceler has nulls (blind speeds) 
at multiples of the radar PRF (fr), and thus completely 


* Received by the PGMIL, January 18, 1961. 

+ Airborne Instruments Lab., Div. Cutler-Hammer, Inc., Mel- 
rille, N. Y. ‘ rine = 
S 1L.N. Ridenour, “Radar Systems Engineering,” M.I.T. Rad. Lab. 
Ser., McGraw-Hill Book Co., Inc., New York, N. Ven violence LO); 
1947. 


cancels an ideal fixed target with a true line spectrum. 
However, the scanning of the radar antenna causes the 
spectrum lines to broaden as shown in Fig. 2. The spec- 
tral width is proportional to the tip speed of the radar 
antenna. 

A more ideal response shape would be less sensitive 
near the nulls and havea more uniform response away 
from them. A response of this type can be obtained by 
the use of a velocity-response-shaping-canceler,? which 
consists of two single cancelers in cascade with feedback, 
as shown in Fig. 3. The shape of the response is con- 
trolled by the feedback factors. Fig. 4 shows a velocity 
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response typically available with this approach. (The 
response of the single canceler is also shown for ref- 
erence.) 

With this technique the scanning limitation can be 
readily removed for nearly all surveillance radars. The 
exact response selected depends upon the scanning clut- 
ter and the performance desired. Fig. 5 shows four 
typical responses each adjusted to give 30-db cancella- 
tion of fixed targets for the designated number of PBW 
(pulses per beamwidth). In many radars the parameters 
are such that only a modest amount of shaping is needed 
to reduce the scanning fluctuations. It may still be de- 
sirable, however, to have the more severe shapes avail- 
able to reduce clutter, having additional fluctuation 
such as rain return or sea clutter. For example, the rain 
return on a 400 PRF, Z-band radar is reduced 30 db 
with the 5.8 PBW shape compared with 15 db obtained 
from a single canceler. 

This example assumed that the fluctuation spectrum 
of the rain is centered about the blind speeds. There- 
fore, to be valid, the group velocity of the rain due to 
wind must be removed. This can be done by the use of 
noncoherent MTI. This type of MTI uses the clutter 
(or rain) as the reference signal for moving target detec- 
tion. Therefore, in the case of a target in rain clutter, 
it is the radial component of the relative motion of the 
target to the rain that produces the Doppler beat. (Non- 
coherent MTI does not discriminate between group 
velocity of rain and sea clutter and platform motion, 
and therefore can be readily used on moving platforms 
such as aircraft and ships to provide MTI capability 
against clutter.) 

The combination of noncoherent MTI with velocity 
response shaping is therefore a powerful tool in dealing 
with targets such as rain and sea clutter. 

Since noncoherent MTI utilizes the beat between 
target and clutter, it is “blind” to targets not over 
clutter and loses sensitivity on targets over weak clut- 
ter. It is therefore desirable to use it only in those regions 
where it is necessary (e.g., rain clutter areas) and to use 
either coherent MTI or normal video everywhere else 
in the coverage area. Means for accomplishing this are 
discussed later. 

When severe response shapes are used to suppress 
extraneous targets, the blind speed zones are widened. 
This can be alleviated by using a nonuniform interpulse 
interval—a staggered PRF. Staggered PRF is accom- 
plished by delaying every other transmitted pulse by 
an amount, AZ. The ratio of the two unequal interpulse 
intervals is called the stagger ratio. Upon reception, the 
signals are destaggered using the same A7 delay element 
that generated the original stagger. Fig. 6 shows the 
timing diagram of a stagger/destagger system. 

Fig. 7 shows the over-all velocity response of a 5/7 
stagger combined with a velocity-shaping canceler. The 
gross effect of the stagger is to multiply the first blind 
speed by the factor T/AT. However, the larger this 
factor is, the deeper the holes in the response curve. 
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This is evident in Fig. 8, which shows the response ob- 
tained with a 63/65 stagger ratio. The higher stagger 
ratios are useful in optimizing the response in a particu- 
lar velocity region. 


INTEGRATORS 


The threshold detection for a group of weak pulses in 
a background of random noise can be greatly enhanced 
by integration.” If the integration of the pulses takes 
place prior to envelope detection, the process is called 
coherent integration. When the phasing of NV successive 
pulses has been corrected for target motion, the en- 
hancement of the signal power will be NV times the noise 
power. (The signal voltages add linearly while the noise 
voltages add in an rms manner.) If the integration takes 
place after detection, the process is called noncoherent 
integration. 

A hypothetical example of a coherent integration 
bank of filters for the N pulse train is shown in Fig. 9. 
It is assumed that the individual pulses are optimally 
filtered by means of a matched IF filter. The concept 
of N equal pulses from a point target implies a rectangu- 
lar beam shape. A more realistic example is a uniformly 
illuminated rectangular aperture resulting in a sin X/X 
one-way beam pattern or a sin? X/X? round trip scan- 
ning modulation. The signal voltage spectral shape of 
the line is triangular, and it is not physically realizable 
for an integrator to havea finite pass band required for 
a matched filter response. In practice, an optimum 3-db 
bandwidth for an integrator is approximately 
fr/2(PBW). 

Sweep integrators have been designed around a single 
period delay line with a positive feedback factor AK 
slightly less than unity enhancing the harmonics of the 
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pulse repetition frequency. Fig. 10 shows the basic block 
diagram and frequency response of such an integrator. 
The 3-db bandwidth of such an integrator is approxi- 
mately (1—&)fr/z. The response of such an integrator 
foran infinite train of optimum Doppler pulsesis 1/1 —K, 
and the noise response is 1/+/1— K®. The response of the 
integrator to a finite train of equal level pulses is 
1—K%/1—K. The signal enhancement of an N pulse 
train is 


\ 1/2 
a— wn (U8) 
1-—K 
The feedback sweep integrator exponentially weights 
the pulse in the train with maximum weighting of the 
latest pulse. A bank of delay line sweep integrators is 
required for coherent integration or else the single delay 
line integrator may be multiplexed either in time or in 
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frequency if sufficient bandwidth is available. 

If Doppler resolution is not required, noncoherent 
(post-detection) integration may be used. The losses 
compared with coherent integration are not excessive 
for scanning radars (less than 100 pulses per beam- 
width).® Post-detection integration losses of 1.2 db, 3 
db, 4.1 db, 8 db and 12.3 db exist for 10, 50, 100, 1000, 
and 10,000 pulses respectively for a square law detection 
probability of 0.99 and a false alarm probability of 107”". 
A signal-to-noise ratio at the detector input of unity 
(0 db) results in a signal-to-noise ratio after detection 
of —4 db. The post-detection integration of 100 pulses 
results in a 20-db enhancement giving the +16-db 
signal-to-noise ratio required for 0.99 detection prob- 
ability. Detector suppression results in a square law re- 
lation between output and input signal-to-noise ratios 
for weak signal-to-noise levels. 

A mixture of coherent and noncoherent integration 
can be employed to reduce the total number of inte- 
grators required. For example a bank of 10 coherent 
integrators followed by a bank of 10 noncoherent inte- 
grators (total of 20) is nearly as effective from a detec- 
tion standpoint as 100 coherent integrators. In addition, 
the target acceleration in some cases results in a Doppler 
which precludes the use of the very narrow filters re- 
quired for fully coherent integration. The coherent inte- 
gration must be adequate to enhance the signal-to-noise 
ratio to a level of at least 0 db at the detector. 

Sweep integrators are useful for pulse and low duty 
interference reduction. The signal dynamic range into 
the integrator is restricted by means of a limiter so that 
the response to random pulses in the integration time 
can be restricted to a level detection 
threshold. 

The use of an integrator ahead of a PPI does not re- 
sult in an increase in detection range of a normal search 
radar because the PPI phosphor is itself a good integra- 
tor for this case. An integrator ahead of a PPI, however, 
results in an improved contrast that is more pleasing 
to the operator. A black-faced indicator is required in 
order to avoid any integrated noise painting. Integrated 
noise, if presented, has the blip dimensions similar to 
targets. The use of a black-faced tube also allows the 
easy recognition of target trails. 

The stability problems associated with high feedback 
integrators are serious. An interesting technique (de- 
vised by the Philco Corporation) for achieving sta- 
bility makes use of a double loop. One loop is oscillating 
(unity feedback) and the other has a small negative 
feedback factor (8). The result is a high positive feed- 
back factor, K=1—8. The system shown in Fig. 11 
uses frequency modulation of a deviable oscillator. A 
stable buildup of 1/1 — K =1/@8 appears at the integrated 
video output for an infinite unit pulse train. 


below the 


3 J. I. Marcum and P. Swerling, “Study of target detection by 
pulsed radar,” IRE TRANS. ON INFORMATION THEORY, vol. IT-6, pp. 
59-144; April, 1960. 
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BLANKING AND SWITCHING TECHNIQUES 


There is a class of video processing devices that can 
be characterized by the common property of desensi- 
tization of the radar output or selection of an alternate 
signal source whenever activated by an anomaly in the 
radar video signal: one such device, the pulsewidth dis- 
criminator, serves a variety of useful purposes as part 
of a video processing system. Fig. 12 shows a block dia- 
gram of a typical pulsewidth discriminator. The video 
input is delayed by an amount equal to the desired 
pulsewidth criterion; that is, by some definition (usually 
about two pulsewidths) that is chosen as the basis for 
deciding between desired radar returns and interference 
or ground clutter, etc. The delayed and undelayed sig- 
nals are then compared in a coincidence gate that pro- 
duces an output whenever the input signal exceeds the 
desired criterion. The output signal from the coinci- 
dence gate is equal to the input signal width less a 
width equal to the criteria and this is added on by the 
pulse stretcher. 

The output signal from the pulsewidth discriminator 
is usually applied to a video switch. The pulsewidth dis- 
criminator can be used as a simple clutter suppressor, 
blanking out the areas where clutter is sensed, as defined 
as being targets of excessive pulsewidth. If MTI is sub- 
stituted in the areas where clutter is sensed, a clutter- 
gated MTI system is obtained wherein MTI is pre- 
sented only in the regions of clutter and normal video 
outside these areas. Since MTI is more susceptible to 
certain forms of ECM and interference, the pulsewidth 
discriminator can be used to advantage as a clutter gate 
to confine MTI operation to the minimum required area. 
Furthermore, when noncoherent MTI (which is blind 
in areas of no clutter) is used, clutter gating is a 
necessity. 

A “capture gate” may be used to suppress isolated 
fixed point targets, which are not gated by simple 
pulsewidth discriminator. If a PPI picture is examined, 
it will be found that, almost invariably, heavy clutter 
areas are followed by several isolated fixed point tar- 
gets. The capture gate (shown in Fig. 12 within the 
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dotted lines) basically keeps one line of the coincidence 
gate activated for a presettable length of time subse- 
quent to detection of a clutter pulse. Thus, if a pulse of 
any width (for example, an isolated point of clutter) 
should appear within this interval, it will extend the 
output gate to include (or “capture”) the point target. 

Another technique, sidelobe blanking, is analogous 
to pulsewidth discrimination except that it depends on 
direction of signal arrival rather than a peculiarity of 
the signals. The sidelobe blanker prevents the entry of 
interfering signals via the sidelobes of the radar. These 
signals arise from adjacent radars, or from intentional 
attempts to put confusing signals into the radar re- 
ceiver when the antenna is pointing in the other direc- 
tions. Fig. 13 shows a block diagram of a typical side- 
lobe blanker. An omnidirectional antenna and receiver 
are adjusted so that the gain at all azimuths is slightly 
in excess of the gain in the main antenna at the peak 
of the strongest sidelobe. The output of the main radar 
and omnichannel are compared, and the radar output 
is blanked whenever the omnireceiver output exceeds 
the main radar output indicating that the signal is 
coming in via a sidelobe rather than through the main 
beam. 

Another type of blanking device is the PISAB (pulse 
interference separator and blanker).4 The PISAB checks 
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*H. Kurland, “Interference blanker for normal and MTI (moving 
target indicator) video,” Proc. National Electronics Conf., Chicage, 
Ill., October 7-9, 1957. 
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for synchronism on a pulse-to-pulse basis and rejects all 
signal pulses that do not show the requisite synchro- 
nism. Basically, the circuits include a one radar sweep 
period delay using either ultrasonic or magnetostrictive 
delay lines or storage tubes. The output of the delay 
line is compared with the input and the radar video is 
blanked whenever there is no signal at both the input 
and output of the delay line, as would be the case for 
asynchronous signals. Fig. 14 is a block diagram of a 
simple PISAB. Basic problems that arise are: 1) this 
simple unit may blank excessively when there are fades, 
etc., within the pulse train, and 2) it will not work with 
MTI because an MTI subjected toa single input pulse 
produces a pulse train of two to ten synchronous pulses 
depending upon the complexity of the canceler. Fig. 15 
shows a block diagram of PISAB which works on both 
normal and MTI and overcomes most of the other ob- 
jections to the simple system. The system uses the anti- 
coincidence principle but is supplemented by an in- 
hibiting function which prohibits blanking more than 
the required number of times (once for normal video 
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and three times for a double canceler) at any interfering 
interpulse azimuth and range. The input video is fed 
to a video sweep integrator and to threshold 4, the out- 
put of which feeds the anticoincidence circuit. The 
other input to the anticoincidence circuit is the output 
of threshold B. The input to threshold B is the inte- 
grated video from the video integrator. The anti- 
coincidence circuit determines what information is to 
be treated as interference. The output from the anti- 
coincidence circuit then blanks the interference for the 
first period and activates the tag generator. The func- 
tion of the tag generator is to blank the interference 
interval during the required number of succeeding 
periods, and to provide the means for inhibiting blank- 
ing in the following periods. 


SySTEM CONSIDERATIONS 


When attempting to combine the various signal 
processing devices into a working system, some com- 
binations are obvious and common such as the addition 
of MTI to a radar. Some radar systems employ non- 
coherent MTI as a technique against rain and sea- 
clutter, either with or without the addition of coherent 
MTI for ground clutter. In addition, the pulsewidth 
discriminator or derivatives of it can be employed for 
clutter gating, blanking of targets of excessive pulse- 
width on both normal and MTI, and elimination of 
transients. Sidelobe blanking can be included in the 
system to prevent entry into the radar of undesired 
signals such as spoofs, repeaters and pulses from adja- 
cent radars. 

The filter buildup and decay of a velocity response 
shaping MTI canceler causes a shift in the azimuthal 
position of a target. A video integrator can be used in 
series with the normal line to shift the normal video by 
4 like amount since a video integrator also causes an 
azimuthal shift. Unfortunately, the feedback factor for 
azimuthal realignment is not normally high enough to 
permit effective interference suppression on normal. 
Furthermore, a video integrator is less effective on 
MTI. Therefore, a PISAB is usually required to sup- 
press random pulses. 

Fig. 16 shows an over-all block diagram of a signal 
processing system for performance against rain, sea, 
and ground clutter, some forms of ECM, and pulse 
interference. 

A separate MTI system into which coherent and/or 
noncoherent video can be processed (but not concur- 
rently) provides an MTI capability against ground 
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clutter (coherent MTI) and rain and/or sea clutter 
(noncoherent MTI). Coherent MTI video is chosen on 
a range gated basis (it does not have the problem of 
blindness in the clear). Beyond this range, the normal 
video is multiplexed with the noncoherent MTI by 
means of a pulsewidth clutter gate. Pulsewidth dis- 
criminators are associated with the MTI and normal 
lines to eliminate interference and other residues that 
fall outside the general pulsewidth of the radar. The 
normal video line includes a video integrator in order to 
permit realignment of the normal video with the MTI 
video. This integration is done subsequent to pulse 
interference blanking since the integrator will generate 
a pulse train from a single pulse and prevent effective 
operation of the pulse interference blanker. The 
MTI/normal video can be applied to a pulse interfer- 
ence blanker for the generation of the appropriate 
MTI/normal blanking signals. The blanking gates gen- 
erated in the various video processing subunits are 
applied to a common video switch unit to provide a 
composite blanked video output. 

Signal processing systems such as described above are 
currently being built by radar manufacturers for a 
variety of radars and in conjunction with some classified 
techniques can provide an adaptable system that can, 
to a great extent, reduce or suppress undesired inter- 
ference. 
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Principles of Pulse Compression* 


H. O. RAMP}, MEMBER, IRE, AND E. R. WINGROVE}, MEMBER, IRE 


Summary—For good radar system performance, a transmitted 
waveform is desired that has 1) wide bandwidth for high range 
resolution and 2) long duration for high velocity resolution and high 
transmitted energy. In a pulse-compression system, a long pulse of 
duration T and bandwidth F (product of 7 and F greater than one) 
is transmitted. Received echoes are processed to obtain short pulses 
of duration 1/F. Compression ratio (the ratio of long-pulse duration 
to short-pulse duration) is thus the product 7-F, and is a measure of 
the combined range and velocity resolution. 

Pulse compression occurs if a waveform with a nonlinear phase 
spectrum is passed through a filter “phase matched” to the wave- 
form. Phase matched means that the nonlinear part of the network 
phase response is the negative of the nonlinear part of the waveform 
phase spectrum. 

The waveform with rectangular amplitude spectrum and para- 
bolic phase spectrum is ideally suited for pulse compression. Band- 
width and duration can be independently specified, duration-band- 
width products of 100 or more are presently feasible, and the wave- 
form remains phase matched to one filter over a wide range of Dop- 
pler frequency shifts. 


RADAR PERFORMANCE AND THE SIGNAL WAVEFORM 


ODERN radar systems must rapidly gather re- 
liable position and velocity data on a large 
number of targets which can be at extreme 
ranges. As this task becomes increasingly more diffi- 
cult, ways to improve radar performance must continu- 
ally be sought. 

Some improvements are still being made in the com- 
ponents which affect radar performance; for example, 
receivers with lower noise figures, transmitters with 
higher power output, and antennas with more gain. 
Further improvement is obtained by means of elaborate 
signal processing schemes, some of which are optimum 
filtering, pulse-to-pulse integration, and MTI. How- 
ever, until recently,-very little effort has been expended 
to improve a factor which constitutes a fundamental 
limitation to radar performance; namely, the trans- 
mitted waveform. 

The ways in which the transmitted signal limits the 
radar performance have been determined and are fairly 
well known.! Three parameters are of prime importance. 
These are the bandwidth, the time duration, and the 
total energy of the transmitted signal. Specifically: 


< 


1) Range Resolution is determined by the frequency 
structure or spectrum of the signal. For a given 
spectral shape, range resolution is proportional to 


* Received by the PGMIL, March 16, 1961. The work on which 
this paper is based was supported in part by the Air Res. and Dev. 
Command and the Rome Air Dev. Center. 

7 Electronics Lab., General Electric Co., Syracuse, N. Y. 

1P. M. Woodward, “Probability and Information Theory,” 
Pergamon Press, London, Eng; 1957. 


1/F seconds where the bandwidth of the signal is 
F cycles. For a given bandwidth, sharpest range 
resolution is obtained with a signal which has a 
rectangular amplitude spectrum. 

2) Velocity (the radial component of target velocity 
is meant) resolution is determined by the time 
structure or envelope of the signal. For a given 
envelope shape, velocity resolution is propor- 
tional to 1/7 cycles where the time duration of the 
signal is 7’ seconds. For a given time duration, fin- 
est velocity resolution is obtained with a signal 
which has a rectangular envelope. 

3) Target detectability is determined by the ratio of 
received signal energy to receiver noise power. For 
a given antenna gain, receiver noise figure, target 
size, and signal processing scheme, signal de- 
tectability and thus maximum range can be im- 
proved only by increasing the transmitted energy. 


The most commonly used radar-signal waveform is 
the signal that results when an oscillator is turned on, 
then off again. Idealized, this “simple radar pulse” is a 
number of cycles cut out of a continuous sine wave. If 
this waveform is viewed in light of the preceding rela- 
tionships, it is seen to be an impasse. For one thing, 
its bandwidth and time duration are reciprocally re- 
lated. Furthermore, if the envelope is made rectangular, 
the spectrum has a sin x/x-shape; if the spectrum is 
made rectangular, the pulse has a sin x/x-envelope. 
With the simple radar pulse, an increase in range reso- 
lution can be obtained only by accepting a loss in 
velocity resolution, and vice versa. Secondly, since the 
energy of the pulse is the product of the power and the 
duration, when the transmitter is operated at its peak- 
power limit (often the case), the energy can be increased 
only by extending the duration, thus decreasing the 
bandwidth. Increased maximum range can be exchanged 
for a loss in range resolution, or, by sacrificing maximum 
range, range resolution can be increased. With the sim- 
ple radar pulse, radar performance is a compromise be- 
tween velocity resolution and maximum range on one 
hand and range resolution on the other. 

A waveform is desired that has both wide bandwidth 
and long duration, preferably one with a rectangular 
spectrum as well as a rectangular envelope. The product 
of duration and bandwidth, or 7’: F, can be defined as a 
figure of merit or measure of the performance of a par- 
ticular waveform. However, while a large 7: F is neces- 
sary for an improvement in performance, it is not suf- 
ficient to guarantee it. 
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Ideally, one would like to design the time waveform 
and frequency spectrum independently. Unfortunately, 
when the time function is chosen, the frequency spec- 
trum is of course also determined. Thus, the wavetorm 
cannot be designed in a straightforward procedure. 

In addition, theoretical considerations must be tem- 
pered by practical necessities. Although a particular 
waveform may have desirable properties, it does not 
have much value if the equipment required to imple- 
ment the system becomes absurdly complicated. 

Therefore, an improved signal waveform is to be found 
more by intuitive reasoning based on known facts than 
by design. There are two problems to be solved. First, a 
waveform capable of providing the required range and 
velocity resolution must be found. Then, a feasible 
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means must be devised to generate the signal and proc- 
ess it in a manner that extracts all the information it 
contains. 


NOMENCLATURE 


Before continuing with the discussion of the problem 
of waveform selection, the reader should refer to Tables 
I and Il. Here a number of general terms concerning 
waveforms and networks are defined and symbols for 
them assigned. These terms prove to be very useful in 
facilitating the explanations which follow. 

No claim is implied that all of the terms listed in the 
tables are new. The tables are included for completeness 
and to provide precise meanings for terms which might 
otherwise be ambiguous. Most of the terms and their 


TABLE I 
PROPERTIES OF A BAND-Pass TyPE WAVEFORM 


Time Domain 


Frequency Domain 


Waveform — => Spectrum 
Fourier 
a(t — oo er l?0 (£70) +H (1-70) +60) — Transform — A(w — cop eil70- (#0) + (O-00) +4 0] 
Pairs 
a(t — oo) = Envelope A(w — wo) = Amplitude Spectrum 
$= Time w = Frequency 
oo = Time Shift of the Waveform wy = Carrier Frequency 
wo (t — a0) + (f — a0) + $0 = Instantaneous Phase oo: (w — wo) + &(@ — wo) + oo = Phase Spectrum 
¢o = Fixed Carrier Phase $0 = Uniform Phase 
(t — oo) = Phase Modulation ©(@ — wy) = Phase Dispersion 
de : db 
ep + wo = Instantaneous Frequency eee oy) = a = Phase Slope 
( wy 
wo = Carrier Frequency — oo = Uniform Phase Slope 
dp. : d® t ; 
ee Frequency Modulation el = Phase-Slope Dispersion 
Gd 
TABLE II 


PROPERTIES OF A BAND-PAass NETWORK 


Frequency Domain 


Time Domain 


Frequency Response aa 


> Impulse Response 


Fourier 


G(o — we)eilPo ed +O) + Oo] 


<— Transform > 


ot — Do)eilw, (t-Do) +8(t—Do) + Oo] 


Pairs 


G(w — w-) = Amplitude Response 

w = Frequency 

w, = Center Frequency 
w,) + O(w — w.) + Oo = Phase Response 
@, = Uniform Phase Shift 

O(w — w,) = Phase Dispersion 

dO 

Uae eae nx | 


G) 


Do: (w =a 


— Dy = Uniform Delay 


(3) 
— — = Delay Dispersion 
de 


g(t — Do) = Envelope of the Impulse Response 
t = Time 
Dy = Time Shift of the Impulse Response 
we: (t — Do) + 6(¢ — Do) + Oo = Instantaneous Phase 
©) = Constant Phase of the Impulse Response 


6(t — Do) = Phase Modulation of the Impulse Response 
do 
a + w. = Instantaneous Frequency of Oscillation 
w, = Natural Frequency 


— = Frequency Modulation of the Impulse Response 


1961 


definitions are in common usage. Others, though widely 
used, have vague meanings; these are given strict defi- 
nitions. Still others are names given to quantities 
believed to have been previously unlabeled. These have 
been carefully chosen to be unique and descriptive. 

The terms phase dispersion, phase slope, phase-slope 
dispersion, and delay dispersion will be unfamiliar to 
most readers. Phase dispersion is that part of the phase 
spectrum of a waveform (or the phase response of a net- 
work) which is varying nonlinearly with frequency. 
Phase slope is the frequency derivative of the phase 
spectrum of a waveform and is in a sense similar to the 
delay of a network. 

Phase-slope dispersion is the frequency derivative of 
the phase dispersion of a waveform and is therefore that 
part of the phase slope that varies with frequency. De- 
lay dispersion is the corresponding term for a network 
and is that part of the network delay (group delay is 
meant) that varies with frequency. 

Because the shape of a waveform is completely speci- 
fied by the amplitude spectrum and the phase disper- 
tion, the expression for the spectrum can be simplified 
by omitting the constant and linear phase terms. Like- 
wise, a network can be represented in simplified form by 
its amplitude response and phase dispersion. These 
simplifications are used often in the following explana- 
tions. 


GENERAL CONSIDERATIONS OF PULSE COMPRESSION 


As stated previously, to achieve good range resolution 
and good velocity resolution simultaneously, a wave- 
form with the required time duration and bandwidth 
must be found, and a means of generating the waveform 
and processing the received echoes must be devised. As 
approaches to solving these problems, a number of sys- 
tems known as pulse-compression systems have been 
developed. In this section, pulse compression is con- 
sidered in a very general way, and requirements of a 
waveform suitable for pulse compression are derived. 

In a pulse-compression system, a long pulse having a 
time duration 7 seconds and a bandwidth F cycles, 
where 7’: F is greater than one, is somehow generated 
and transmitted. Received echoes are processed in 
such a way that short pulses having a time duration 
1/F are obtained. The ratio of the duration of the long 
pulse to that of a short pulse is an important system 
parameter called the compression ratio. Writing the ex- 
pression for the compression ratio, K=7/(1/P)=T°- F, 
it is seen to be the same as the previously defined figure 
of merit. Thus, the compression ratio can be used as a 
measure of the theoretical performance of a particular 
system. 

To understand how pulse compression can occur, con- 
sider two pulses having identical amplitude spectra. 
The first has phase dispersion while the second has no 
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phase dispersion. The time durations of these two pulses 
are to be compared. 

The absence of phase dispersion in the spectrum of the 
second pulse means that at a particular instant (given 
by the uniform phase slope) all frequency components 
have the same phase. The magnitude of the envelope is, 
in general, given by the vector sum of all components. 
When the components are all in phase, the magnitude 
is the arithmetic sum of the components and is, at that 
instant, as large as it can ever be. The frequency com- 
ponents of the pulse with dispersion, however, are never 
all in phase, and the magnitude of its envelope, conse- 
quently, is never as great as that of the second pulse. 

The energy of these pulses can be found in either of 
two ways: 1) the amplitude spectrum can be squared 
and integrated over all frequency or 2) the envelope can 
be squared and integrated over all time. Since the two 
pulses have identical amplitude spectra, they have the 
same energy. In order to satisfy this equality, the pulse 
with dispersion, which has the lesser magnitude, must 
persist over a longer time than the pulse without dis- 
persion. The pulse without dispersion has the largest 
magnitude possible for the given amplitude spectrum. 
It is, therefore, the shortest pulse obtainable having that 
amplitude spectrum. The length of this pulse is, essen- 
tially, 1/F. 

It follows from the preceding argument that if the 
phase dispersion is removed from the spectrum of a 
pulse, the pulse will be shortened in duration, or com- 
pressed. Since the phase dispersion of the output wave- 
form of a network is the sum of the phase dispersion of 
the network and that of the input waveform, to remove 
the phase dispersion of a pulse, therefore, a network 
having an identical but negative phase dispersion is 
needed. 

Now, conditions for pulse compression to occur can 
be stated: 


1) The long pulse to be compressed must have phase 
dispersion; 7.e., the phase spectrum must be a 
nonlinear function of frequency. 

2) The long pulse must be passed through a network 
having phase dispersion which is equal and op- 
posite to that of the pulse. 


No specifications have so far been placed on the am- 
plitude response of this filter. The amplitude response 
can, however, be determined by considerations other 
than those of pulse compression. 

If a signal plus noise is passed through a filter, the 
signal-to-noise ratio at the output will be a maximum 
for a very particular filter. This filter has an amplitude 
response equal to the amplitude spectrum of the wave- 
form and a phase dispersion which is equal and opposite 
to that of the waveform. The maximum signal-to-noise 
ratio is given simply by the ratio of the total waveform 
energy to the noise power per unit bandwidth. This de- 
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pendence of signal detectability on signal energy was 
stated at the beginning of this paper. 

When the filter response and signal spectrum are re- 
lated in the way just described, the filter is said to be 
matched (or North-matched)? to the waveform and is 
called a matched filter. 

It is easy to see how the matched-filter conditions 
work to produce a high signal-to-noise ratio. It has al- 
ready been shown that pulse-compression condition Py. 
phase matching, produces the largest pulse magnitude 
possible for a given amplitude spectrum. On the other 
hand, the noise components are randomly related in 
phase, and the phase dispersion of the filter has no ef- 
fect on the noise amplitude. Also, setting the amplitude 
response of the filter equal to the amplitude spectrum 
of the pulse, amplitude matching, emphasizes the parts 
of the spectrum having higher signal-to-noise ratio and 
places less weight on the parts having less signal-to noise 
ratio. 

In some instances, it may not be desirable to conform 
to the matched-filter conditions exactly. For example, 
the pulse shape obtained at the output of the matched 
filter may have, in addition to the main peak, several 
additional secondary peaks or “sidelobes.” By depart- 
ing somewhat from amplitude matching, however, the 
sidelobes can be reduced with respect to the main peak. 

In the case of a waveform with rectangular ampli- 
tude response, the output of the matched filter has 
a sin x«/x-shape in the time domain. This waveform is 
characterized by relatively large sidelobes (~13.5 db 
down). If a lower sidelobe level is desired, it is necessary 
to change the shape of the filter response from rectangu- 
lar. 

The reduction in the sidelobe level is of course not 
without a penalty. Lower sidelobe level has to be traded 
against lower signal-to-noise ratio and increased pulse 
width. To demonstrate this, compare, for instance, the 
(cosine)? shaped response with the ideal rectangular 
response: 1) Signal-to-noise ratio is reduced by 1.76 db. 
2) Sidelobe level is —33 db as compared to —13.3 db. 
3) Pulse width (distance of first zeros) is doubled. 

The amplitude spectrum shaping (or weighting) giv- 
ing least pulse widening for a given sidelobe level (or 
lowest sidelobe level for a given pulse width) is obtained 
by using Taylor weighting.’ With a design goal of —33- 
db sidelobe level, for instance, a pulse widening by a 
factor of approximately 1.5 takes place. 

As another example, it may be impractical to have 
exact matching in the case of Doppler-shifted signals, as 
this would require a separate matched filter for each 
Doppler shift. By accepting slight mismatches in am- 


2D. O. North, “An Analysis of the Factors which Determine 
Signal/Noise Discrimination in Pulsed-Carrier Systems,” RCA Labs., 
Princeton, N. J., Tech. Rept. PTR-6C; June, 1943. 

37. T. Taylor, “Design of line-source antennas for narrow 
beamwidth and low side lobes,” IRE Trans. ON ANTENNAS AND 
PROPAGATION, vol. \P-3, pp. 16-28; January, 1955. 
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plitude and the resulting decrease in signal detectability, 
4 filter matched for signals not Doppler shifted may give 
satisfactory results for Doppler-shifted signals as well. 


THE SELECTION OF THE RADAR SIGNAL WAVEFORM 


As shown above, an improvement in radar-system 
performance can be achieved by using a signal waveform 
satisfying certain requirements. These requirements are: 


1) A product of bandwidth and duration greater than 
unity (for good resolution of both range and veloc- 
ity), 

2) A rectangular amplitude spectrum (for best range 
resolution), 

3) A rectangular envelope (for best velocity resolu- 
tion), and 

4) Phase dispersion (that is, a nonlinear phase spec- 
trum to permit pulse compression). 


Although the requirements listed above eliminate a 
number of possibilities, a particular waveform has not 
yet been specified. By stating a fifth condition, one 
waveform is suggested. It is then shown that this wave- 
form satisfies all five of the stated requirements. 

To effect pulse compression, the received signals must 
be passed through a network having phase dispersion 
which is equal and opposite to that of the waveform. This 
condition has been called phase matching. When a net- 
work and waveform are phase matched, the waveform, 
in passing through the network, is stripped of its phase 
dispersion and left with a phase spectrum consisting of 
terms linear and constant with frequency. This action, 
as just shown, produces the pulse compression. 

Generally, in a radar system the received signals will 
have suffered a Doppler frequency shift which is not 
known a priori, except that it is between certain limits. 
In the case of most waveforms, an array of parallel 
phase-matching networks, each designed fora particular 
Doppler shift, would have to be assembled in the re- 
ceiver. Usually the received signals would not be aligned 
exactly with one network. Some means of interpolating 
intermediate Doppler shifts have to be provided. Ob- 
viously, a great saving in equipment complexity will 
result if a waveform can be found that will remain 
phase matched to ome network regardless of Doppler 
shifts. This is the fifth requirement of the desired signal 
waveform. 

Consider the simplest case of phase dispersion, phase 
varying as the square of frequency (parabolic phase dis- 
persion). This can be expressed by ®(w) =a(w—w,)’. The 
phase dispersion of the phase-matching network must 
be 6(w) = —a(w—w,)?. If a signal with phase dispersion 
®(w) is subjected to a Doppler shift* wp, its phase dis- 


4The Doppler effect is assumed here to cause a uniform fre- 
quency shift of all components of the waveform spectrum. This is a 
reasonable assumption for a waveform having a time-bandwidth 
product smaller than 104 and targets with orbital velocities. 
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persion becomes ®(w+wp)=a(w—a@.+wp)2. If this 
signal passes through the network phase matched to the 
zero-Doppler, or unshifted signal, the phase dispersion 
of the output is: 


B(w + wp) + O(w) = a(w — w.)? + 2a(w — w,)wp 
+ dwp* — a(w — w,)?, 
or 
@(w + wp) + O(w) = 2a(w — w.)wp + awp?. 


Obviously, the phase dispersion has been removed, 
independently of the Doppler shift. The reader can easily 
satisfy himself that the higher-order dispersion functions 
do not have this property. 

Notice that the phase spectrum of the output wave- 
form consists of a uniform phase awp* and a linear term 
2a(w—@,)wp. The linear term implies a uniform phase 
slope 2awp which is linearly related to the Doppler shift. 
It is later shown how this uniform phase slope can be 
used to provide a simple but effective means of measur- 
ing target velocity. 

To obtain maximum signal detectability, the ampli- 
tude response of the phase-matching network must be 
identical to the amplitude spectrum of the waveform. 
Clearly, with a single network, this amplitude matching 
is impossible to achieve for all Doppler shifts. However, 
using a network amplitude matched for zero-Doppler 
signals (with rectangular amplitude response) the loss 
in detectability increases linearly with Doppler shifts. 
The loss is only 3 db at a shift of one-half the network 
bandwidth. 

Another approach to allow for Doppler shifts would 
be to use a phase-matching network which has sufficient 
bandwidth to completely pass received signals having 
the maximum expected Doppler shifts. The received 
signals will, therefore, not be distorted or reduced by 
Doppler shifts, but since the excess bandwidth lets in 
more noise, signal-to-noise-ratio will be less than in the 
case of true matched-filter operation. Some of this loss 
can be recovered by the use of a properly matched 
post-detection filter. 

A waveform with rectangular amplitude spectrum 
and parabolic phase dispersion thus satisfies require- 
ments 2), 4), and 5). To determine whether the product 
of bandwidth and duration is greater than unity |re- 
quirement 1)] and the envelope is rectangular [require- 
ment 3) |, it is necessary to determine the corresponding 
time function describing the waveform. To do this, the 
inverse Fourier transform is performed. The result is a 
waveform with a very nearly rectangular envelope and 
very nearly parabolic phase modulation. Furthermore, 
the time duration is given by 7 =47aF, where F is the 
bandwidth and a is the coefficient of the phase disper- 
sion a(w—w,)?. Given a particular bandwidth, the dura- 
tion can be made as long as desired (subject to practical 
limitations) by using the proper phase dispersion. For 
convenience in further discussion, this waveform will be 
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referred to as the LInearly Frequency MOdulated 
Pulse or LIFMOP waveform. This name follows from 
the fact that the frequency modulation, the derivative 
of the phase modulation, is very nearly linear. 

The phase dispersion of the LIFMOP waveform has 
been expressed by ®=a(w—w,)?. The phase-slope dis- 
persion, therefore, is = —2a(w—w,). Over the band- 
width of the waveform 27F, the phase-slope dispersion 
changes by 47aF, which is numerically equal to 7, the 
duration of the waveform. 

The significant term in the phase modulation of the 
LIFMOP waveform is ¢= —?/4a. The corresponding 
frequency modulation is d¢/dt=—t/2a. Thus, the 
instantaneous frequency of the waveform changes by an 
amount 7/24 =47aF/2a=27F, the bandwidth, between 
the beginning and end of the pulse. 

Thus, the signal waveform with rectangular ampli- 
tude spectrum and parabolic phase dispersion (the 
LIF MOP waveform) satisfies all of the requirements for 
good radar performance: 


1) Bandwidth-duration product greater than unity, 
2) Rectangular amplitude spectrum, 

3) Rectangular envelope, 

4) Phase dispersion, 

5) Single-filter phase matching. 


By using this waveform ina radar system, high resolu- 
tion of both range and velocity can be obtained. Pulse 
compression will occur for a wide range of Doppler fre- 
quency shifts using only one processing filter. In addi- 
tion, the response of the filter to Doppler-shifted signals 
can provide a simple means of measuring target velocity. 

Fig. 1 summarizes the time and frequency charac- 
teristics of the LIF MOP waveform. The time-domain 
characteristics indicate only the general form. The 
irregularities in the phase- and frequency-modulation 
plots are exaggerated to make them noticeable. 
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Fig. 1—Characteristics of the LIFMOP waveform. 
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A System To UsE THE LIFMOP WAVEFORM 


To obtain improved radar performance, not only must 
a waveform with suitable properties be found, but a 
system to use the waveform effectively must be devised. 
So far, the properties of the LIFMOP waveform have 
been shown to be consistent with good performance. 
Now, a system which utilizes the LIFMOP waveform 
to achieve this performance is outlined. 

The first problem in devising a system is generating 
the waveform. One method of generation would be 
simultaneous amplitude- and phase-modulation of an 
oscillator. This method is called active generation. In view 
of the complexity of both the amplitude and phase 
modulation, however, active generation of the LIFMOP 
waveform is not practicable. 

A more practical way of generating the waveform is 
based on the fact that the impulse response of a network 
is the inverse Fourier transform of the frequency re- 
sponse of the network. Thus, to generate a certain wave- 
form, a network having a response identical to the 
waveform spectrum is driven by an impulse. To gen- 
erate the LIFMOP waveform, a network is required 
that has a rectangular amplitude response and parabolic 
phase dispersion identical to the amplitude spectrum 
and phase dispersion of the waveform. If this network 
(called a LIFMOP filter) is excited by an impulse, the 
output will be the LIF MOP waveform. This method of 
generation is called passive generation. 

Fortunately, an impulse in the mathematical sense, 
which is physically unrealizable, is not required for pas- 
sive generation. All that is needed is a short pulse hav- 
ing a spectrum wide enough that over a band corre- 
sponding to the desired waveform spectrum, the ampli- 
tude spectrum is uniform and the phase spectrum is 
linear with frequency. A pulse like this is easily ob- 
tained, for example, from a blocking oscillator. In the 
following discussion, impulse will mean such a short 
pulse. 

After the LIFMOP waveform is generated, it is 
heterodyned to a suitable center frequency, amplified, 
and transmitted. Received echoes are heterodyned to 
the original frequency band and amplified. To effect 
pulse compression, the received signals must be passed 
through a phase-matching network. Since this network 
has phase dispersion equal and opposite to that of the 
waveform, the phase dispersion of the received signals 
is removed and pulse compression takes place. 

In Fig. 2, a simplified diagram of a pulse-compression 
radar system, filter 1 is the waveform generating net- 
work, and filter 2 is the phase-matching or pulse-com- 
pressing network. The characteristics of both filters 
are shown in Fig. 3. Here, instead of phase dispersion, 
delay dispersion is shown. Delay dispersion is the fre- 
quency derivative of the phase dispersion of a network. 
Since the phase dispersion of these networks is parabolic 
with frequency, the delay dispersion is linear with fre- 
quency. The amplitude response and delay dispersion of 
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filter 1 are the amplitude spectrum and phase-slope dis- 
persion of the transmitted LIFMOP waveform. In 
accordance with the pulse-compression requirement, the 
delay dispersion of filter 2 has a slope equal and op- 
posite to that of filter 1. The impulse response of filter 1, 
which is, of course, the LIFMOP waveform, is shown in 
| HTS al 

Before going further, the reader may wish to refer to 
Tables I and II to review the definitions of phase slope, 
delay dispersion, phase-slope dispersion, etc. 

The operation of the simplified system of Fig. 2 can be 
explained with the aid of Fig. 4. Here, the delays of 
filters 1 and 2, and the phase slope of waveforms at 
various points in the system are plotted as functions of 
frequency. Fig. 4 (a) shows the case of a stationary 
target, and (b) and (c) apply toa moving target. 

The explanation starts with the impulse, which has a 
phase slope uniform with frequency. A uniform phase 
slope means a time shift of a waveform from the time 
origin. In this explanation, the occurrence of the im- 
pulse is taken as the time origin; hence, the phase slope 
of the impulse is zero. 

The phase slope of the output of a network is the sum 
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Fig. 2—Pulse-compression system using separate generating filter 
1 and processing filter 2. 
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of the input phase slope and the network delay. The 
phase slope of the long pulse that is transmitted (the 
impulse response of filter 1) is, therefore, the delay of 
filter 1. Of course, filter 1 passes only that part of the 
impulse spectrum included in the filter pass band (width 
F). 

The time required for the signal to travel to the target 
and back to the radar is equivalent, in the frequency 
domain, to a uniform delay. If no Doppler shift occurs, 
the case shown in Fig. 4(a), the phase slope of the re- 
ceived long pulse is the sum of a uniform delay and the 
phase slope of the transmitted pulse. The received pulse 
then passes through filter 2, and the filter delay is 
added to its phase slope. Since filter 2 is phase matched 
to the long pulse, the phase dispersion is removed, 
1.e., the phase slope of the output pulse is uniform. Thus, 
the output spectrum is flat in amplitude over the band 
F and has no phase dispersion. Such a waveform (a 
band-limited impulse) has a sin x/x shape, and a dura- 
tion between first zeros of 2/F. This short pulse occurs 
at a time given by the magnitude of its uniform phase 
slope (which is the sum of all the network and propaga- 
tion delays). 

Fig. 4(b) illustrates what happens when the target 
is moving (in the case shown, toward the radar). Here, 
not only is the received pulse delayed by the propaga- 
tion time to the target and back, but because of the 
Doppler effect, the frequency of each component of the 
received signal is shifted (in the case shown, increased) 
an amount proportional to the target radial velocity. 
Now, when the delay of filter 2 is added to the phase 
slope of the received signals, the phase slope of the out- 
put signal is again uniform but greater than in the zero- 
Doppler case. The short pulse appears, therefore, at a 
later time than for a nonmoving target at the same 
range. Because the relation between phase slope of the 
long pulse and frequency is linear, this time shift is 
proportional to the Doppler shift, and thus to the tar- 
get’s radial velocity. 

Since the short-pulse position depends on both target 
range and radial velocity, the simple system of Fig. 2 
gives ambiguous results. The ambiguity can be resolved, 
however, by interchanging the positions of filter 1 and 
filter 2. Fig. 4(c) shows what happens when filter 2 is 
used as the generating filter and filter 1 is used as the 
compressing filter. For the same target range and veloc- 
ity assumed in Fig. 4(b), the short pulse is again shifted 
in time by an amount proportional to radial velocity, 
but now in the opposite direction, that is, earlier. 

By alternating the positions of the two filters, say on 
every other pulse, a target will produce short pulses at 
two time positions. Displayed on an A-scope, the return 
from atypical target will appear as shown in Fig. 5. The 
center of the two pulse positions is a measure of the 
target range, while the separation is proportional to the 
target radial velocity. If the Doppler frequency shift is 
fp, the time separation will be 27fp/F. 
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A filter with rectangular amplitude response and 
parabolic phase dispersion (the LIFMOP filter) is a 
complex device. A significant reduction in system com- 
plexity is obtained by using one filter for both genera- 
tion and compression. Such a single-filter system is made 
possible by the technique of s¢deband inversion. 

When a waveform is sideband inverted, its amplitude 
spectrum is, in effect, inverted about the center fre- 
quency. The phase spectrum is likewise inverted but, in 
addition, a change of sign occurs. Thus, if the phase 
slope increased with frequency before sideband inver- 
sion, it will decrease with frequency after sideband 
inversion. When the LIFMOP waveform is sideband 
inverted, because of symmetry, the only change that 
occurs 1s a change of sign of the phase-dispersion co- 
efficient. 

Fig. 6 shows a simplified block diagram of a system 
using a single filter in conjunction with a szdeband in- 
verter. The path of the signal through the system for a 
complete cycle of operation (two pulse periods) is as 
follows: 

The impulse enters the LIF MOP filter. The resulting 
output is a signal with phase slope decreasing with 
frequency. Since switch S3 is in position a, this signal 
proceeds to the transmitter and is radiated. 

The received signal reaches switch S1 and is routed to 
the input of the sideband inverter. It leaves the side- 
band inverter with phase slope increasing with {fre- 
quency. By way of S2, this inverted signal is fed to the 
input of the LIFMOP filter. Conditions are identical to 
those shown in Fig. 4(b) and at the output of the 
LIFMOP filter a short pulse is obtained. 

At the beginning of the next period, another long 
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Fig. 5—Typical processed return from a moving target 
(A-scope display). 
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Fig. 6—Simplified block diagram of a LIFMOP system. 
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pulse is generated by the LIFMOP filter. The switches 
S1, S2 and S3 are now thrown to position 6. The long 
pulse from the LIF MOP filter is, therefore, routed to the 
sideband inverter, and thusa signal with phase slope in- 
creasing with frequency is transmitted. 

Upon reception, this signal is passed through S1-d 
directly to the input of the LIFMOP filter. Conditions 
are now identical to those in Fig. 4(c) and again a short 
pulse is produced. 

For reasons of clarity in explanation, the sideband 
inverter is shown here as a separate block of the system. 
The sideband inverting operation can, however, be 
conveniently performed in conjunction with the 
heterodyning which usually takes place in any radar 
system. It is only necessary to use two different local 
oscillators in the transmit and receive paths of the sys- 
tem. Interchanging these local oscillators by suitable 
gating circuits on consecutive pulse periods provides 
sideband inversion alternately before transmission and 
after reception. 
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CONCLUSION 


The limitations on radar performance imposed by the 
simple radar pulse can be overcome by use of the signal 
waveform with rectangular amplitude spectrum and 
parabolic phase spectrum (the LIFMOP waveform). 
This waveform very closely meets the requirements for 
good radar performance, namely large duration-band- 
width product, rectangular amplitude spectrum, and 
rectangular envelope. Moreover, a parabolic phase 
spectrum has the unique feature that waveform and 
compressing filter remain phase matched regardless of 
Doppler frequency shifts. Furthermore, the LIFMOP 
waveform is a practical signal waveform since a radar 
system using it can be easily devised and duration- 
bandwidth products over 100 readily implemented. 
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Airborne Pulse-Doppler Radar* 


L. P. GOETZ}, MEMBER, IRE, AND J. D. ALBRIGHTT, MEMBER, IRE 


Summary—Doppler radars are employed for the detection of 
moving targets whose radar echo area is much smaller than the 
ground clutter return. Moving targets are separated from clutter on 
a frequency basis by utilizing the Doppler phenomenon. Continuous- 
wave Doppler radars have a practical maximum-range capability 
because the leak-through between the transmitter and receiver 
causes receiver saturation. This limitation is overcome in pulse- 
Doppler radar by time-sharing the transmitting and receiving cycles. 
This paper discusses a typical pulse-Doppler radar and the basic 
design considerations for the selection of the pulse-recurrence fre- 
frequency, elimination of clutter, range determination, and oscillator 
stability requirements. 


INTRODUCTION 


reached a high state of development. Even with its 

relative perfection, pulse radars in airborne apphi- 
cations have limited detection capability for targets in 
the presence of ground clutter. One method of separat- 
ing moving targets from ground clutter is to take ad- 
vantage of the Doppler shift in the carrier frequency as- 
sociated with a moving target. Continuous-wave (CW) 


IF: the past few years, standard-pulse radar has 
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Doppler radars!? have an ultimate range capability, 
which is limited by receiver saturation, caused by trans- 
mitter leak-through. For airborne applications, where a 
single antenna is essential, this limitation is overcome 
by time-sharing the transmitting and receiving cycles. 
Radars of this class are described as pulse-Doppler 
(PD) radars. A PD radar differs fundamentally from 
standard-pulse radars, and parameter selection and 
mechanization must be made according to a new set of 
concepts. 

It is the purpose of this paper to describe a typical 
airborne PD radar and to present a condensed review 
of PD radar design considerations in those areas which 
experience has shown to be the most important from a 
systems design point of view. These areas are the selec- 
tion of the pulse-recurrence frequency (PRF), ground 
clutter considerations, and oscillator stability require- 
ments. In addition, a section has been included on the 
determination of range performance. 


1L. N. Ridenour, “Radar System Engineering,” M.I.T. Rad. 
re Ser., McGraw-Hill Book Co., Inc., New York, N. Y., vol. 1; 
1947. 

? R.S. Sargent, “Moving target detection by pulse doppler radar,” 
Electronics, vol. 27, pp. 138-141; September, 1954. 
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A PutsE-DoprpLeR RADAR 


A brief discussion of a typical PD radar will be given 
in this section. The considerations which lead to this 
mechanization will be discussed later. The block dia- 
gram of this PD radar is shown in Fig. 1. The block dia- 
gram is of a PD radar which must search (8) for its 
target, and then track (7°) the target in velocity, range, 
and angle. In search, the target is only located in ve- 
locity and angle. 
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Fig. 1—Block diagram of typical pulse-Doppler radar. 


The Doppler shift produced by a practical moving 
target is only a small per cent of the transmitted fre- 
quency.’ In order to detect this small shift, highly 
stable transmitters and local oscillators are required. 
Typically, a stable reference source is used for radio- 
frequency (RF) generation, and a fixed off-set from this 
frequency is used for the local oscilator. This technique 
simplifies stable oscillator design, and the tolerable 
short-term stability. It is also beneficial if all oscillators 
used in the radar have a common reference, as indicated 
in the block diagram. 

The modulator keys the transmitter at the high-pulse 
recurrence frequency (PRF) required in a PD radar. 
Typically this is the in order of one hundred kilocycles. 
A return signal is intercepted by the same antenna as 
used for transmission, and is routed to a mixer via an 
isolator. The mixer translates the received frequency to 
an appropriate intermediate frequency (IF). The IF 
signal is amplified and passed through a_ band-pass 
filter, which selects an appropriate sideband for target 
tracking. Filters for rejection of main-beam and alti- 
tude-line clutter may also be included at this point in 
order to obtain additional clutter attenuation. The re- 
duction of bandwidth in the receiver as early as possible 
after range gating simplifies amplifier design by remov- 
ing the clutter and reducing the noise power, hence re- 
ducing amplifier dynamic range requirements. 

The output of the band-limited IF feeds another mixer 
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which translates the spectrum to one satisfactory for 
construction of a contiguous filter bank. This filter bank 
encompasses the target Doppler frequency range of in- 
terest. In order to prevent noise folding and ambiguous 
velocity problems, the contiguous bank must be so de- 
signed that it does not encompass more than one octave 
of frequency. The filters of the contiguous filter bank 
normally terminate in integrators. These integrators 
improve the system range performance and simplify 
readout.? 4 

When a target is detected, the detection and decision 
unit switches the system to the track mode. In track, 
the antenna is stopped, the velocity track loop is locked 
on target, using information from the contiguous filter 
bank for oscillator positioning, range track is initiated, 
and angle track is started. 

Techniques similar to those used in pulse radar are 
satisfactory for range and angle track, while velocity 
track is performed with either a phase or frequency 
track loop. It is common PD radar practice to feed the 
velocity information to the range-track feedback loops 
to aid in target range tracking. 


CLUTTER AND TARGET SPECTRA 


Clutter in a PD radar set occurs when a non-target 
object is seen either in the main beam or antenna side- 
lobes. The clutter will appear to have the general 
character of noise in a band adjacent to a spectral line 
and, depending on the size of the object, its bearing, 
relative velocity and range, it may obscure a desired 
target. The basic problem is to arrange the parameters 
of the radar set such that clutter is kept to a minimum 
in the region where targets may be expected. 

When a PD radar set is flown in an airplane, clutter 
can come from three sources, as illustrated in Fig. 2. 
Main-beam clutter comes from weather effects and 
from the ground if the main beam dips below the hori- 
zon. Sidelobe clutter comes from the antenna sidelobes 
striking the ground at all angles giving Doppler shifts 
both above and below the transmitted frequency. This 
produces a range of Doppler frequencies with a spread 
corresponding to twice the ground velocity of the air- 
craft. At any instant, one of the sidelobes will be look- 
ing straight down at the earth and will return a signal 
with zero Doppler shift. This is identical to the altitude 
line in ordinary pulse radar. 

Fig. 3 shows how the clutter spectrum is distributed 
about each line in the return spectrum. To appear in a 
clutter-free, region a target must have a closing velocity 


3 N. Weinberg, J. M. Walker, and R. J. Metz, “Rapid detection 
of coherent signals in noise,” 1960 [RE !NTERNATIONAL CONVENTION 
RECORD, pt. 8, pp. 222-232. 

4S, A. Meltzer and S. Thaler, “Detection range predictions for 
pulse Doppler radar,” 1960 IRE INTERNATIONAL CONVENTION REC- 
ORD, pt. 4, pp. 105-115. This development does not consider eclipsing 
losses. 
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Fig. 2—Sources of clutter in an airborne pulse-Doppler radar. 
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Fig. 3—Typical appearance of clutter around each spectral line in an 
airborne nose-mounted pulse-Doppler radar. 


such that its Doppler shift is greater than the closing 
clutter to the right of the spectral lines in Fig. 3. Also, 
the closing velocity cannot be too great or it will run 
the Doppler shift into the opening clutter of the next 
spectral line. Thus, there is a limit on the range of clos- 
ing target velocities which can be handled unambigu- 
ously by the radar. In a similar manner, opening tar- 
gets are also limited. 

The effect of each of the various types of clutter for 
different target headings is shown in Fig. 4. An aircraft 
with a scanning antenna is flying in the direction shown. 
Two targets are indicated, one directly ahead of the 
aircraft and one at an azimuth angle of 45°. Each target 
is located at the center of the circles. The three circles, 
labeled 1, 2, and 3, represent particular ratios of target- 
ground velocity to interceptor-ground velocity. A target 
vector showing velocity ratio and direction may be 
drawn from the center of each target position. The tip 
of the vector will show whether the target is in the clear 
or is obscured by clutter. In Fig. 4 the two target vec- 
tors show the targets to be outside the clutter. If both 
targets were traveling in the opposite direction, the one 
straight ahead would be obscured by opening sidelobe 
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Fig. 4—Clutter and target vector diagram. 


clutter, while the target on the 45° bearing, because of 
its higher velocity, would be clear of opening clutter. 


SELECTED SPECTRUM 


The returned signal will be essentially the same as the 
transmitted signal, with the exception that each spec- 
tral line will be shifted by the amount of Doppler fre- 
quency fa. The magnitude of this Doppler shift is a 
measure of the relative velocity between the radar set 
and target. If this shift could be measured directly, it 
would provide within itself all the information on the 
target measurable on a frequency basis. As it is not 
practical to measure the Doppler shift directly, the re- 
ceived signal is heterodyned to a lower frequency. 
After filtering, the Doppler information is contained in 
the frequency of the remaining sidebands. 

The spectral lines in the transmitted pulse are each 
shifted by the Doppler phenomenon when reflected from 
moving targets. Each interspectrai line Doppler pat- 
tern contains all the available information, and there- 
fore any one could be used. For any reasonable trans- 
mitter pulse shape, the maximum spectral amplitudes 
are adjacent to the center line. To obtain the greatest 
received amplitude and to simplify the local oscillator 
requirements, either Doppler band adjacent to the 
center spectral line is used. 

If the total energy in the transmitted pulse were re- 
flected by a single target moving with respect to the 
radar, the entire returned spectrum would be shifted by 
the Doppler frequency fa. If the transmitted carrier is 


fo, the input to the mixer is then fo+fa (for range clos- 
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ing) and fro. Spectra are generated at fir+fa, 2fotfir 
+fa and higher harmonics of fo. Of these, only fir+fu is 
generally available. A segment of the output spectrum 
is shown in Fig. 5. 

After suitable amplification, the spectrum may be 
video detected. The maximum amplitude of the video 
spectrum is at zero frequency, and that half of the JF 
spectra below the center frequency is folded over onto 
the upper half. Frequencies such as fir—f,+/fa in Fig. 
6 become equal to f,—fa in the video spectrum. 

If the Doppler shift exceeded one half the PRF, the 
spectral lines will cross, and it will be very difficult to 
resolve the Doppler frequency. Therefore, for a maxi- 
mum relative velocity, the following relation must be 
satisfied : 


ta max = (1) 


i) |3> 


Noise is folded along with signal spectral lines. As the 
noise power is noncoherent from one side of the IF 
spectra to the other, that in the lower half of the 
spectrum adds directly to that in the upper half. The 
noise power in the video spectrum is thus doubled, and 
the S/N is reduced by a factor of 2 compared to the 
IF S/N. For this reason, direct video detection at this 
point is undesirable. 


SINGLE-SIDEBAND OPERATION 


To avoid both the confusion resulting when fa=f,/2 
and the reduced S/N due to folding, the most obvious 
corrective action is to remove by IF filtering all fre- 
quencies on one side of ftr. As repeated Doppler shift 
patterns associated with higher-order spectral lines are 
redundant, they, along with their associated noise, 
may be filtered out. Thus, if the IF bandwidth is nar- 
rowed to approximately f,, no Doppler information is 
lost and an improved S/N is produced. 


Minimum PREF 


Fig. 6 illustrates a section out of the IF spectrum 
with Doppler lines near fir, fir+f, and frr—f,. In the 
case of an airborne radar set, the return Doppler signals 
are referenced to ground velocity, fu, representing the 
maximum ground velocity Doppler of the aircraft and 
fap the maximum ground velocity Doppler of the tar- 
get. In the case illustrated, the radar-carrying aircraft 
is assumed to have a ground velocity one-third that of 
the target. The selected spectrum is the part of the 
total Doppler return extracted by a band-pass filter for 
determining the Doppler shift. Both closing (+fu,) and 
opening (—fa,) aspects are assumed for the target. 

In order to prevent Doppler signals from adjacent 
PRF spectrum lines overlapping in frequency and thus 
being confused, f, must have a minimum spacing from 
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Fig. 5—-A section of the IF spectrum output from the first mixer. 
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Fig. 6—Spectrum passed by SSB filter located so that both opening 
and closing targets (+far) are obtained. Conditions shown for 
nose-mounted forward scanning radars. 


fir. Fig. 6 shows that 
ibe min = fir aise Sel ap = (fir fda — We) = Dias (2) 


This relation infers that the Doppler-detection filter 
bank is constructed such that the center of the filter 
bank is at the ground velocity of the radar-carrying 
aircraft. This detection system requires a knowledge of 
the aircraft-ground velocity and a tracking device to 
keep the filter bank centered at the interceptor ground 
velocity. 

If the Doppler filter bank is fixed in frequency, then 
the filter bank must be wider than the previous ar- 
rangement in order to account for all aircraft-ground 
velocities. In order to prevent false Doppler indications 
for this case, (2) is modified to 


(se ays pete ee (3) 


Eqs. (2) and (3) illustrate the advantage, as far as 
PRF selection is concerned, of a mechanization in 
which the target detection filters are placed in such a 
manner that they detect a fixed maximum velocity 
(+fip) above and below the interceptor-ground ve- 
locity (fa,). In addition, fewer filters are required in the 
first system. 

A further reduction in the PRF can be accomplished 
for a low-speed interceptor if only head-on attacks are 
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required. In this case, it is only necessary to border the 
Doppler region with a safety region so that the filter 
banks do not detect in the sidelobe clutter region asso- 
ciated with fir+f;. For this case 


ig min 2 er cu PS EWe (4) 


Unambiguous velocity can be determined from ambigu- 
ous velocity measurements if the PRF is switched. In 
this case, all closing targets will appear in the same 
filter as the PRF is switched, whereas all opening tar- 
gets will appear in a different filter with a change in 
PRE. Thus, by observing a target in at least two PRF'’s, 
it can be determined whether the range is opening or 
closing. 

This combines the advantages of the previous cases. 
The lower minimum PRF and hence, lower number of 
filters for a multiple PRF condition, are incorporated 
with the ability to detect head-on closing and rear 
hemisphere-aspect targets as noted in (4). 


UNAMBIGUOUS RANGE RESOLUTION 


Ina PD radar, as in a conventional pulsed radar, the 
range to a target is proportional to the time interval 
from the transmitted pulse to the reception of the re- 
turn echo. The high PRF employed by PD radar, how- 
ever, causes many-time-around echoes and correspond- 
ing ambiguities in range information. To resolve such 
ambiguities, several techniques are possible. 

The first techniques to be suggested are identical to 
those used in CW Doppler radar. These involve the 
modulation of the carrier. For example, if the trans- 
mitted wave is frequency or amplitude modulated, the 
return Doppler-shifted signal will be modulated in the 
same manner. As there is a time delay between the re- 
ceived and transmitted signals, the measurement of the 
phase shift or frequency translation of the return sig- 
nal will determine the range to the target. In theory, 
such methods might be applied, but there are certain 
practical disadvantages in their direct application to 
PD radar. 

First consider the application of pulse modulation 
for ranging to a PD radar. There are four basic types of 
pulse modulation,® namely, pulse-position, pulse-dura- 
tion, pulse-frequency, and pulse-amplitude modula- 
tion. If a sinewave is employed as the modulation,® it 
can be shown that multiples of this modulation fre- 
quency will appear above and below all the carrier 
spectra lines. This means that the clutter will also be 
smeared in the same manner. The net result is that the 
clutter can occupy the entire pulse spectrum. 

Another ranging system is to linearly frequency- 
modulate the carrier and the local oscillator. Assume 
that the target has been located and has a known Dop- 


5 “Reference Data for Radio Engineers,” International Telephone 
and Telegraph Corp., New York, N. Y., 4th ed., ch. 19, pp. 546-547; 
19506. 

6 It is not necessary that the modulation be a sinewave; for 
example, noise could be employed. 
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pler shift. The Doppler shift will be changed when the 
linear frequency modulation is applied, the amount of 
the shift depending upon the rate of the frequency mod- 
ulation, the true range of the target, and whether the 
frequency-shift is increased or decreased from the nom- 
inal carrier. Knowledge of the two Doppler frequencies 
and the modulation rate permits the determination of 
true range. Clutter will also be smeared in this scheme. 

A ranging system, which overcomes the limitations 
outlined above, uses multiple PRF’s.’? The principle of 
the multiple PRF ranging system is most easily under- 
stood by considering a two-PRF system. Fig. 7 illus- 
trates such a system. The basic ranging frequency is 
shown, and two higher (PRF) frequencies are derived 
from the basic frequency by multiplying by two inte- 
gers. In the case illustrated, the integers are 3 and 4 for 
simplicity of illustration. The true target range cor- 
responds to a target return in the second transmitter 
interpulse interval. The ambiguous target returns are 
shown at each of the two PRF’s. It is seen that the 
ambiguous range gates coincide at the true range. This 
technique can be extended to an infinite number of 
PRF’s, and true range determined by multiple coinci- 
dences. In practice, however, a two- or three-PRF sys- 
tem can be used to resolve most range problems. 
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Fig. 7—A two-PRF ranging system. 


TIME —> 


There is a disadvantage to a multiple-PRF ranging 
system when multiple targets at the same velocity are 
detected in an antenna beamwidth. In the simple case 
of two targets and a two-PRF ranging system, there 
are four possible solutions. The relation is 


S = Me (5) 


where S is the number of solutions, M is the number of 
targets, and Q is the number of PRE’s. 

The previous section can be summarized by stating 
that, where true range is required in a PD radar appli- 
cation, a careful investigation must be made to find the 
optimum ranging system for that application. As noted 


7™W. A. Skillman and D. H. Mooney, “Multiple High-PRF 
Ranging,” presented at the Natl. Convention on Military Electron- 
ics, Washington, D. C.; June 27-29, 1960. 
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by Seibert,® velocity must always be determined in a 
PD radar before true range can be found. 


RANGE CALCULATIONS 


Range calculations for a PD radar are similar to the 
range calculation of other types of radar with one ex- 
ception, that of eclipsing by the transmitter. A method 
for taking eclipsing into account is described in this sec- 
tion. 

It is shown in Appendix I that the idealized range of 
a PD radar that uses the Doppler shift of the principal 
PRF spectral line is 

P.W@PG*0 


Ro = = : (6) 
(4r)®kTAFNFd,6 


Holding all parameters in (6) fixed, except d, the 
range equation becomes 


Raa n/a, (7) 


This is the case if a single fixed-range gate is used for 
target detection and the target is not eclipsed. It can 
easily be shown that a single fixed gate covering the en- 
tire interpulse period is equivalent to a narrower gate 
that is swept or searched over the same period, assum- 
ing the same antenna speed in both cases. The former 
is to be preferred for ease of mechanization and preven- 
tion of clutter modulation due to range-gate motion. 

The method of Marcum! is equivalent to a CW Dop- 
pler system as far as range performance is concerned. 
The equation for Marcum’s » is the same as for the 
latter system: 


to Lig AF (8) 


In search, when the detected signal from the velocity 
channels is integrated, the number of signal varients 
that are integrated is N. N is determined by the equa- 
tion 


Nh = =e (9) 


Wmax 


The true detection curve may now be constructed by 
combining Marcum’s or Swerling’s curves for the 
proper », N and Ry with (6). This equation is modified 
to take target eclipsing into account by recognizing d 
as an effective duty cycle. This is shown in Fig. 8 for a 
simple case where the PRF is much lower than in prac- 
tice. The first diagram shows the transmitted energy 
as a function of time. Fig. 8 shows the ratio of the duty 
cycle of the signal to the transmitted duty cycle as a 
function of the range of the target. For instance, if a 
target is at a range corresponding to 7, it is completely 


8 W. Seibert, “A radar detection philosophy,” IRE TRANS. ON 
INFORMATION THEORY, vol. IT-2, pp. 204-221; September, 1956. 

9 J. I. Marcum and P. Swerling, “Studies of target detection by 
pulsed radar,” IRE Trans. ON INFORMATION THEORY, vol. IT-6, 
pp. 59-144; April, 1960. 
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eclipsed and the ratio of the duty cycle is zero. When 
the target moves to 7'+7, it is completely clear and the 
ratio becomes unity. To find the true Ro, Ro,, cor- 
responding to a particular position of the target, the 
square root of the duty cycle is taken. This has been 
done in Fig. 8(c). Now a series of detection curves for 
various values of Ro, can be drawn, as in Fig. 8(d). The 
probability of detection at each range is found by refer- 
ence to the particular curve that is applicable to the 
value of Ro, at that range. The intersection of the dotted 
lines in Fig. 8(d) with the appropriate detection curves 
are points on the true detection curve which may then 
be sketched in, and is reproduced alone for greater clar- 
ity in Fig. 8(e). This is then the true detection curve 
when eclipsing is taken into account. In the actual 
radar, the PRF is much higher than shown and many 
more notches appear in the curve. This makes the draw- 
ing of the curve quite laborious, since each notch has a 
different shape and more of the original curves must be 
drawn to determine this shape. 


(d) 


(e) 04 


R 


Fig. 8—Generation of detection probability curves. 


The next step is to construct a curve showing the 
cumulative probability of detection for a target ap- 
proaching the radar at a constant velocity. This curve 
has: 


Weal ot ss (Care). (10) 


Cha 
The target is usually assumed to start at a range where 
the probability of detection is small, and to move radi- 
ally at a uniform speed. Since it is not known before- 
hand at what range the target appears in the scan pat- 
tern, a set of cumulative curves are determined for dif- 
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ferent initial positions within the range interval AR 
corresponding to the distance closed in a frame time. 
The values of P. within each AR interval are averaged 
to obtain the total cumulative probability P:,. A new 
curve may then be drawn using the value of Pz, at the 
middle of each AR interval. 

In the early stages of system design, it is desirable to 
be able to compute the range performance with as little 
labor as possible. Normally, the cumulative detection 
curve is as good as the total cumulative curve for this 
purpose. However, with the true detection curve, the 
total cumulative curve must be computed because the 
cumulative curves bear little resemblance to the total 
cumulative curve. To alleviate this problem, it is found 
that approximately the same total cumulative prob- 
ability curve is arrived at if the averaging process takes 
place before cumulation rather than after. This is easier 
to do, since the shape of the average curve, called the 
smoothed detection curve, is essentially independent 
of the PRF and is, of course, much easier to plot than 
the true curve. The construction of the smoothed curve 
is shown in Fig. 9. The probability of detection is aver- 
aged over each “loop” of the true curve to obtain one 
point on the smoothed curve, which may then be 
drawn through the points for all the loops. Only a lim- 
ited number of points are needed to determine a smooth 
curve, which may then be used to construct a single 
cumulative curve. This curve is the total cumulative 
probability curve, since the averaging over initial posi- 
tions has already been done. The curve is slightly af- 
fected by the initial position chosen, but the shift in 
range at high probability of detection is quite small. 
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Fig. 9—Smoothed detection curve. 


SEARCH MECHANIZATION CONSIDERATIONS 


In Appendix I it is shown that for an idealized PD 
radar that searches a fixed volume of space in a fixed 
time, the idealized range Ry can be expressed as 


Ry « (Poe D2 )s Cet?) 


In order to derive this equation, the following assump- 
tions were made: 


1) The system sensitivity (noise figure) was fixed. 

2) The velocity resolution was fixed. 

3) A contiguous filter bank was employed to cover 
the Doppler range of interest. 

4) The system could receive energy 100 per cent of 
the time; that is, eclipsing was not considered. 
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In this section, some of the practical constraints 
which must be considered in a PD search mechanizatiou 
will be introduced. 

Consider first an elementary PD radar which must 
search in range and velocity simultaneously. If the 
transmitter has a duty cycle d, then 1/d range inter- 
vals must be searched. Let the total Doppler frequency 
to be searched be F,, and search this interval with a 
filter having a bandwidth Af. The total number of 
velocity intervals is then F,/Af. The total number of 
intervals to be searched, P, in both velocity and range is 


(12) 


What is really of interest is the total time 7; re- 
quired to search for a target. The build-up time of a 
band-pass filter is approximately 1/Af. Incorporating 
this relation in (12), the total time becomes 


ih Jie 
d (Af)? 
When a contiguous filter bank is used for detection, 
the search time 7; is reduced by the number of filters. 
This is the reason contiguous filters are generally used 
in PD radars in search operations. The idealized search 
derivation considered the use of a contiguous filter 
bank, but not the influence of the duty cycle. 
The influence of the duty cycle on the search time in 
a practical system is actually much more complex than 


indicated by (13). The effect of duty cycle variation 
has been discussed in the previous section. 


(13) 


IE: => 


STABILITY REQUIREMENTS 


A basic requirement of a Doppler radar system is the 
generation of a stable RF source for use in the trans- 
mitter. Also, since a practical receiver requires an IF 
greater than zero frequency, the generation of an addi- 
tional stable radio frequency is required to heterodyne 
the transmitted frequency to the desired IF. 

The frequency stability can be described in terms of 
allowable modulation on the signal entering the prede- 
tection filters of the receiver. For frequency modula- 
tion (FM), this. is specified in terms of allowable devia- 
tion ratio. Short-time stabilities are of basic concern, 
since long-term stability is not significant as long as 
the drift does not increase the mutual interference, re- 
duce the power output, or result in an incorrect indica- 
tion of target velocity. This is in direct contrast to nor- 
mal frequency-stability specifications where short- 
term stability is not important, but where long-term 
stability is. 

The permissible spectrum broadening in the receiver 
is determined by: 1) allowable spurious signals (false 
targets), 2) loss of sensitivity in presence of interference 
(clutter), 3) loss of small-signal sensitivity in the inter- 
ference-free region. 

Since the frequency instabilities involved must be 
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small, it is assumed that the deviation ratio and the 
fractional modulation are small. The expression for an 
FM-AM signal modulated by single frequencies is then 
given approximately as : 


m 
S(@) & cos w.é — > 608 (w, — 
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Since both m and uw must be small, in order that the 
sidebands be suitably attenuated, the intermodulation 
of the FM and AM terms yields negligible coefficients 
so that the last four terms may be neglected. The re- 
maining terms then are the linear superposition of the 
AM and FM sidebands. In addition, since the FM 
modulation consists of a spectrum rather than a dis- 
crete frequency, there are all possible intermodulation 
terms; but again, since the total deviation permitted 
on the RF frequency must remain small, it is sufficient 
to merely use superposition. 


GENERATION OF SPURIOUS SIGNALS 


Spurious signals can appear in the receiver due to 
modulation of the main-beam and altitude-line clutter 
signals. In order to assure that these components will 
not cause spurious signals, it is necessary that the first 
sideband due to FM at a given modulation frequency 
be attenuated far below the carrier (70 db for typical 
PD radars). A similar requirement is placed on the AM 
sidebands due to the same modulating frequency. The 
final requirement must assure that, during an in-phase 
relation of the AM and FM sidebands, the composite 
signal will satisfy the system requirements. 

The first sideband amplitude of the FM signal is 
given by Ji(u). Ji(u) is approximately w/2 for w<1. 
Now consider a case where all sidebands of 500 cycles 
per second (cps) or greater must be maintained at 70 db 
below the carrier. The allowable deviation for the first 
harmonic term is Mmax=6.3 X10 for this case. When 
the modulating frequency is less than 250 cps, a larger 
number of sidebands can be tolerated. In other words, 
the allowable deviation increases as the modulating fre- 
quency is reduced. Fig. 10 shows the allowable devia- 
tion as a function of modulating frequency that is re- 
quired to maintain a particular sideband below 70 db. 
This figure is derived from computation of J,,(u) and 
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Fig. 10—Maximum deviation allowed to maintain a particular FM 
sideband about 70 db below the carrier. 


has been plotted for various m in terms of the deviation 
and modulating frequency. The line labeled »=1 cor- 
responds to a uw of 6.3X10-* and indicates the Ji(u) 
term. 

It is desired in all PD radars that the signal tracking 
begin X cps from the clutter edge where X is 500 cps 
for the case assumed here. When the modulating fre- 
quency is less than X cps, deviations producing higher- 
order sidebands can be tolerated. The dashed curve in 
Fig. 10 defines the maximum peak deviation for a par- 
ticular modulating frequency such that all sidebands 
removed 500 cps or more from the carrier will be 70 db 
or more down from the carrier. For example, the allow- 
able peak deviation for a modulating frequency of 100 
cps is shown to be about 100 eps. 

For amplitude modulation, only one sideband need 
be considered. The amplitude of one sideband is m/2; 
hence the allowable value of m is 


Myax = 6.3 x Ome 


Loss OF SIGNAL ENERGY AT THE OUTPUT OF THE 
PREDETECTION FILTER 


Loss of signal energy occurs in the predetection filter 
when the signal is frequency modulated. This results 
from the fact that the sum of the powers in all of the 
sidebands plus the carrier must be equal to the unmodu- 
lated carrier power. When sidebands of the FM signal 
fall outside of the receiver detection filter pass band, the 
signal power is reduced. AM will not result in signifi- 
cant signal loss unless the modulating frequency is 
greater than the filter half-bandwidth. 
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For the frequency modulation components, three 
cases must be considered: 


1) Small u and a modulation frequency greater than 
one half the predetection-filter bandwidth. 

2) Large w and a modulation frequency that ap- 
proaches zero. 

3) Au that produces significant higher-order modula- 
tion components J2(u), Js(u), etc. 


For the first case, a typical criterion is that the re- 
duction in Jo(u) be 0.1 db. This is equivalent to Jo(u) 
=0.9886 or w=0.213. 

The second case may be evaluated by assuming that 
the receiver band-pass filter has a two-pole Butterworth 
response. This network has a transfer function of the 
form (where the carrier is much greater than 8) 

iB, 1 
= — —- + (15) 
P, 


For a large pu as w, approaches zero, the power fre- 
quency spectrum /() can be presented as}? 


1 A 2a) bie 
H(w) = E ( ) | : (16) 
7 ANG) Ao 
Solving for the total power output, 
Po 
P; 
1 Be dA 
a Set 
tAw J 9 2A A Ie 
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Evaluation of this integral gives Aw=6/4 for a 0.1-db 
loss in signal strength. For example, if filters of 500- 
cycle bandwidth are used, the peak deviation is re- 
stricted to 125 cps. 

The third case is intermediate between the other two 
cases. This is the case where w>0.215, but is not sufh- 
ciently large to satisfy the second case. A diagram can 
be constructed which satisfactorily specifies all three 
requirements. The diagram is constructed, using the 
coordinates of Fig. 10, by drawing a horizontal line 
from 125-cps deviation until it intercepts the line 
p=0.213. 


REQUIREMENT ON TRANSMITTED 
FREQUENCY STABILITY 
Let the transmitted carrier be frequency modulated 


by Aw sin wt; then the transmitted frequency wr is 


wr = & + Aw SIN Wye. 


(18) 


10S. Goldman, “Frequency Analysis, Modulation and Noise,” 
McGraw-Hill Book Co., Inc., New York, N. Y.; 1948 (p. 154, 1/7A@ 


is a normalizing factor). 
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Now assume a point source target moving at a con- 
stant radial velocity. The received signal we is shifted 
by the Doppler shift wp. The received signal is 


We + OD\ | w, + WD 
®r = We + op + Aw | ——— }sin en (| ———— ] © — Tin) 


So. + op + Aw Slit wp (b— 7) 


for wp Kw, (19) 


When the transmitted signal is translated by a pure 
frequency wrr, the output is! 


(20) 


wy’ = We. — wr + Aw SIN wml. 


When the received signal frequency wr is beat against 
wr’ in a mixer, the output is 


Pyles ! 
Ope == OR tee OT 


= wir + wp + Aw|[sin Wm(t — T,) — sin Wm | 
_ Omt We 
= WIF + WD — 2Aw sin me eae Wm i, = 7 , (21) 


From the previous results, the ratio of the frequency 
deviation in the receiver and transmitter may be found, 
namely, 


_ Wml 
2Aw sin 
ta. L 
a= : = 2| sin aft, |. (22) 
ta Aw i 


Examination of this equation shows that for low- 
modulating frequencies and short ranges, the deviation 
in the receiver may be considerably less than that of 
the transmitter; however, for large values of the prod- 
uct fmT, the deviation in the receiver may exceed the 
deviation of the transmitter by a factor of two. Fig. 11 
shows the curve of | sin ThmTr| VS fm for a radar with a 
maximum 130 nautical miles. Curves of 
T,<Tmax-tall to the right of the curve 7,=7max so that 
the peaks of the sum of the curves completely fill the 
area under the envelope curve. The maximum devia- 
tion in the receiver can be represented by the envelope. 
Up to approximately zf,,7,=0.5, 


range of 


| sin thm | Sarre 


(23) 


For. values of afntmax > 1/2 OF fnTrnax > 0.5, the envelope 
of the peak value of | sin Th mTmax | can be represented 
by a constant equal to unity such that fa’/fa=2 for 


(ote Oe 


This envelope can be approximated by two straight 
lines which intersect at the “corner” given by fa’ /fa=2 
and fm=1/mTmax With a slope of —1 to the left of the 


_ 1 This is the common method for developing the local oscillator 
signal in a PD radar. 


curve is plotted in Fig. 12 and gives the ratio of fre- 
quency deviation permissible on the transmitter to that 
in the receiver. 

The above discussion applies when the receiver-beat- 
ing oscillator is phase locked to the transmitter. How- 
ever, when two stable oscillators are employed, the re- 
strictions are that at all ranges the worst condition re- 
quires that the deviation allowed on the transmitted 
frequency be only one half the deviation allowed in the 
receiver IF signal. 


APPENDIX | 
Idealized Range Equation 


It is shown here that a range-gated pulse-Doppler 
radar which detects the Doppler shift of the maximum 
amplitude spectra line has the same range performance 
as a CW Doppler radar with the same average power. 

The idealized range of a CW Doppler radar (S/N = 1) 
is given by 


TAGoNo; i Py 
 (4m)"NFKTAFS — AF 


Ro! 


(24) 


If a CW wave of amplitude £, and frequency fo is 
pulsed at a rate f, with a pulse duration 7, the frequency 
spectrum G(f) can be expressed as 


G(f) = Eprf, 2, Ufo — nf) eet) 


(25) 
n=0 mr(fo a nf) 


where £, is the amplitude of the sine wave fo. 
The maximum amplitude spectra line is at fo, or 


G(fo) = Entf,. (26) 


The duty cycle d is equal to f,7. For this spectral 
line, the average power is (E,?d?) /2. 
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Fig. 11—Frequency deviation of the received signal. 
Fig. 12—Frequency deviation of transmitter vs 
modulating frequency deviation of receiver. 
corner. For the previous case of a radar with a maximum 
range of 130 nautical miles and a permissible frequency Bie aie, P 
ck se ; ae Stee ae Substituting in the range equation (1), 
deviation of 500 cps in the receiver, the deviation of the 
transmitter may be plotted. In this case the corner is at Rs | pie 27) 
fa/fa’ =0.5 and fm=1/rX130X12.3X10-°= 200. This ot DAF ( 


Recognizing that the peak power P, is E,2/2 and the 
average power P, is equal to Pid, the equation becomes 


(28) 


If the system is range gated with a pulse equal to the 
transmitted pulse width, then the noise (VFRTAF) is 
reduced by d, or 


which is the same as (1). 

If the range-gate width is greater than 7, then the 
output noise is increased. If the duty cycle of the noise 
is represented by d,, the range equation can be ex- 
pressed as 


Yee B70 
AF d,, 


(29) 


The Effect of Changing Frequency and Antenna Size 


The idealized range Ry can be written 
PAGAN 1/4 
Ro == E | 


AF 
Assume that a fixed solid angle of space ¢ must be 
searched in a frame time 7;, then 


(30) 


g 
T; = — tg. (31) 
2 
For a fixed sample time 
1 
AF = — (32) 
ta 
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Substituting in (31) and solving for AF, 
o il 


AF =—-—- 
Te 0 


Noting that @ is proportional to 1/G, (30) under 
these conditions becomes 


Rie = BAP We. (33) 
Now 
D? 
Gr’ =a (34) 
where D is the diameter of the antenna. 
Substituting in (33), 
[a DAN (35) 


It is observed that for a fixed antenna size and under 
the stated conditions for a PD radar Rp is independent 
of frequency. 


SYMBOLS 


A = Constant. 
AM =Amplitude modulation. 
B= Constant: 
8=Butterworth filter bandwidth in radian fre- 
quency. 
C= Constant. 
CW = Continuous wave. 
cps= Cycles per second. 
D=Parabolic antenna diameter. 
d= Duty cycle. 
d,= Noise duty cycle. 
A=Detuning from the center frequency of a 
filter. 
E,=Transmitted sine wave amplitude. 
5=System losses. 
FM = Frequency modulation. 
F,=Total Doppler frequency range searched by 
radar. 
AF= Effective receiver noise bandwidth. 
fir= Receiver intermediate frequency. 
fa= Frequency deviation in the transmitter. 
fa’ =Frequency deviation in the receiver. 
fa,= Doppler frequency corresponding to maxi- 
mum ground velocity of the interceptor air- 
craft. 
tip = Doppler frequency corresponding to maxi- 
mum ground velocity of target. 
fro=Local oscillator frequency. 
Af =Half-power filter bandwidth. 
fm= Modulation frequency. 
fo= Carrier frequency. 
f,= Pulse recurrence frequency (ERTS): 
G=Antenna gain. 
4= Antenna half-power beamwidth, one way. 
{F = Intermediate frequency. 
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J,(X) = Bessel function of the first kind and nth 
order. 
k= Boltzmann’s constant. 
\=Operating wavelength. 
u= Frequency deviation ratio Aw/aa. 
m= Fractional amplitude modulation. 
N=Number of signal variants integrated. 
n=T;,-AF=Number of opportunities for noise 
to exceed the threshold in one false alarm 
time. 
NF = Receiver noise figure. 
P = Range and velocity search intervals. 
P= Average transmitted power. 
P.=Cumulative probability of detection. 
PD= Pulse Doppler. 
P,,=Probability of detection on the mth look. 
P;=Filter-power input. 
P,=Filter-power output. 
PRF= Pulse recurrence frequency. 
P,= Peak transmitter power. 
P= Total cumulative probability. 
@=Solid angle search volume. 
AR=Target distance closed in a frame time. 
RF = Radio frequency. 
Ro=Idealized radar range, signal-to-noise ratio 
= Ih. 
Ro, = Effective idealized range for eclipsed signal. 
S/N =Signal-to-noise ratio. 
o = Target size. 
S(w) = Frequency spectrum in radians per second. 
T= Absolute temperature. 
tgz= Antenna dwell time on target. 
Tja= False alarm time. 
T,= Pulse period (=1/PRE). 
T,= Target search time. 
7=Transmitter pulse width. 
7,= Radiation round trip time. 
w= Radian frequency. 
w,=FM modulation frequency in radians per sec- 
ond. 
«»=AM modulation frequency in radians per 
second. 
w,=RF carrier frequency in radians per second. 
#p = Doppler shift in radians per second. 
Aw= Peak deviation of the carrier in radians per 
second. 
wi y= Transulation frequency in radians per second. 
®m = Modulating radian frequency. 
Wmax = Maximum antenna angular velocity. 
wr= Received signal in radians per second. 
wr = Transmitted frequency in radians per second. 
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A High-Resolution Radar Combat-Surveillance System* 


L. J. CUTRONA, SENIOR MEMBER, IRE, W. E. VIVIAN, E. N. LEITH, 
AND G. O. HALLT, MEMBER, IRE 


Summary—An account is given of the development of the 
AN/UPD-1 (XPM-1) system. This airborne mapping radar, by syn- 
thesizing an extremely long antenna which expands in length in 
direct proportion to radar range, provides a linear resolution in the 
azimuth direction that is constant for all radar ranges. 


I. INTRODUCTION 


N April 19, 1960 at the Washington, D. C., Na- 
() tional Airport, the U. S. Army unveiled a new 

type of combat-surveillance radar system which 
is designated as the AN/UPD-1 (XPM-1). The princi- 
pal elements of the system are an airborne side-looking 
coherent radar and a ground van housing radar-data 
processing equipment. The unique feature of the system 
is the data processing that produces the equivalent ef- 
fect of an extremely long antenna which expands in 
length in direct proportion to radar range. This, in 
principle, can provide a linear resolution in the azimuth 
direction that is constant for all radar ranges. 

This combat-surveillance system represents a divi- 
dend from a continuing research program in radar at 
the Institute of Science and Technology of The Univer- 
sity of Michigan. This radar research is a part of Proj- 
ect MICHIGAN, which is sponsored by the U. S. 
Army Combat Surveillance Agency of the U. S. Army 
Signal Corps. Four models of the AN/UPD-1 (XPM-1) 
experimental systems were produced through separate 
funding for Project MICHIGAN. The airborne portion 
of the system was subcontracted to Texas Instruments, 
Inc., of Dallas, who in turn subcontracted to General 
Precision Laboratories and Kearfott, Inc., for Doppler 
inertial subsystems. The ground vans containing the 
radar-data handling and processing equipment were 
fabricated by the Institute of Science and Technology 
of The University of Michigan. 

The AN/UPD-1 system is a good example of how a 
team effort of a university and industry can provide ex- 
perimental models of new devices for early tactical 
evaluation. In less than ten months from the first 
successful demonstration with a breadboard system, a 
subcontract was in force and work was under way on 
the construction of the experimental systems. 

It is the purpose of this article to trace the develop- 
ment of this system from its inception, to discuss the 
basic concepts of the system and its components, and 


* Received by the PGMIL February 21, 1961. This work was 
conducted by Project MICHIGAN, under Department of the Army 
Contract DA-36-039 SC-78801, administered by the U. S. Army 
Signal Corps. 

t The Inst. of Sci. and Tech., The University of Michigan, Ann 
Arbor, Mich. 

t Conductron Corp., Ann Arbor, Mich. 


to present some of the high-resolution radar photo- 
graphs obtained with it. 


Il. THE FUNDAMENTAL IDEA 


In the summer of 1953, scientists from all parts of the 
country met at the University with representatives of 
the U.S. Army and personnel from The University of 
Michigan. This summer study, known as_ Project 
WOLVERINE, was for the purpose of recommending 
research and development programs leading to an im- 
proved capability for securing information about the 
battle area. 

The basic idea behind the high-resolution radar was 
advanced in a subgroup considering the application of 
radar to combat surveillance. The group recognized that 
the major shortcoming of radars was in angular resolu- 
tion. In combat surveillance the objects of military in- 
terest are against a background of the surrounding ter- 
rain; therefore, unless a radar has fine resolution in both 
range and azimuth, the radar return from a target of 
military interest is likely to go undetected because of 
the large clutter return from the background. With 
conventional techniques, fine resolution in range was 
readily attainable with short-duration radar pulses. 
Since with conventional techniques angular resolution 
is directly related to the radar antenna beamwidth, the 
only avenues for improvements in azimuth resolution 
were through an increase in antenna size, an increase in 
operating frequency, or a combination of both. Al- 
though the largest feasible size for an airborne antenna 
and the highest practical radar frequency (dictated by 
available peak power sources and acceptable attenua- 
tion for various weather conditions) were to be used, 
it was evident that the angular resolution was inade- 
quate for the intended surveillance functions at radar 
ranges beyond a few miles. 

A new idea for producing the equivalent effect of an 
extremely long antenna became the subject of discus- 
sion by Dr. C. Sherwin of the University of Illinois, 
W. Hausz of the General Electric Company, J. Koehler 
of the Philco Corporation and Dr. Louis Cutrona of the 
University of Michigan.. It was thought that an ex- 
tremely long antenna could be synthesized by using the 
forward motion of the aircraft to carry a side-looking 
radar antenna to positions which could then be treated 
as though they were the individual antenna elements of 
a linear antenna array. 

The fundamental idea can best be grasped by con- 
sideration of Fig. 1. For the physical antenna array 
shown in Fig. 1(a), the individual transmitting and re- 
ceiving elements are dipoles. While each dipole has a 
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Fig. 1—(a) Physical array of dipoles. (b) Synthetic- 
array generation. 


broad radiation pattern, the assemblage of dipoles is 
made to produce a narrow antenna beam by making the 
electrical lengths of the individual transmission lines 
such that signals arriving in phase at the dipoles are 
added in phase at the main transmission line to the 
radar. Since transmission and reception at each of the 
dipoles is simultaneous, this fixed adjustment of phases 
serves to maintain the desired beam pattern. 

Fig. 1(b) depicts the generation of the synthetic array. 
In this case the individual elements of the array, as 
indicated by the x’s, do not exist simultaneously. 
Starting with the position at the extreme left, a radar 
pulse is transmitted and the return signals recorded. A 
short time later the aircraft has carried the side-looking 
antenna to the second position where another pulse is 
transmitted and the received signals recorded. In this 
way a signal is recorded for each of the positions of the 
synthetic array. To achieve the effect of a linear array 
such as Fig. 1(a), the return signals must contain phase 
‘nformation which is preserved in the recording. Then 
by appropriate data processing it should be possible to 
retrieve the stored data and combine it in proper phase 
to synthesize the desired effect of a narrow-beamed an- 
tenna. 

It was evident that the radar would have to have 
excellent transmitter frequency stability and a stable 
frequency reference for use in comparing the phase of 
the return signals with the phase of the transmitted 
pulses. The method of signal storage (recording) had to 
preserve the range information so that the data process- 
ing could be accomplished separately for each element of 
radar range. 

The well-known formula for antenna beamwidth 
showed that, at least in theory, the synthetic-antenna 
concept had a great potential for fine angular resolu- 
tion. The half-power beamwidth 6 of the physical side- 
looking antenna (Fig. 2) is 


d 
6 = k — radians el 
1) 


in which 


dX is the wavelength of the radar, 
D is the length of the physical aperture, and 
b is the illumination factor (greater than unity). 
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Fig. 2—Synthetic-antenna geometry. 


The distance across the antenna beam for a radar range 
r is Br, which represents the amount of data that can 
be collected between half-power points for this range. 
If this amount of data is processed at each range, this 
would represent a synthetic antenna length 


Or leer (2) 


if r is expressed in feet. The phase information obtained 
for each of the element positions of the synthesized 
antenna is based on the round-trip distance between 
the side-looking antenna and echoing objects; for the 
physical array the phase depends on the one-way path 
length. As a consequence of this difference, the phase 
difference between elements of equally spaced ele- 
ments of a synthetic array is twice that of a physical 
array with the same spacing; a synthetic antenna has 
half the beamwidth of a physical antenna of a given 
length. That is, 


r 
Bs = cre radians (3) 


s 


in which 2; is the illumination function for the synthe- 
sized antenna. Using (1) this can be expressed in terms 
of the size of the physical antenna and radar range as 


Popes ae 4 
a he LaAGlanss 
lo Dir 4) 


This indicates that the synthetic beamwidth 8, is not 
only independent of frequency, but also decreases with 
radar range. : 

To obtain a measure of resolution, the usual assump- 
tion was made that targets could be resolved in angle if 
they were separated by one antenna beamwidth. For 
the beamwidth 6, of the synthetic antenna, the distance 
across the beam at any radar range 7 1s, 


D 
AX = B,r = — — feet (5) 
k 2 


if the length of the physical antenna aperture D is ex- 
pressed in feet. 
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In theory, then, the resolution in the azimuth direc- 
tion for a synthetic antenna radar is independent of 
range, independent of radar frequency, and smaller 
than the physical length of the actual side-looking an- 
tenna carried by the aircraft. This assumes the genera- 
tion of a synthetic antenna of a length equal to the 
distance across the radar beam at each radar range. 


Ill. THe REsEaRCH AND DEVELOPMENT PROGRAM 


When Project MICHIGAN was inaugurated in the 
fall of 1953, a small group undertook an evaluation of 
this new concept for radars. Analytic expressions were 
obtained for the received data and the theoretical azi- 
muth resolution was verified with filter theory. Ex- 
pressions were also obtained for the operations to be 
performed by the data processor. Because of the achiev- 
able lengths of synthetic antennas, it was not feasible 
to neglect the curvature of the phase front of received 
signals. It would be impossible to approach the the- 
oretical angular resolution unless the antenna were fo- 
cused: Since the curvature of the phase front varies 
with radar range, the data processor needed to be one 
which applied a focusing function that varied with 
range. 

As this analysis progressed, the group became con- 
vinced that the synthetic-antenna technique held 
promise and that a breadboard system should be built 
for experimental evaluation. Photographic film was se- 
lected as the storage medium for the received radar 
signals. With film as a storage medium, three dimen- 
sions were available for recording: distance across the 
film, distance along the film, and the exposure. Film 
had the further advantage of providing a permanent 
record which could be processed many times using dif- 
ferent processing parameters. Digital processing tech- 
niques for generating the synthetic antenna did not 
appear promising because of the number of bits of in- 
formation to be handled and the need for focusing 
functions which differed for each segment of radar 
range. After a period of basic laboratory experimenta- 
tion an analog data-processing technique was evolved 
which was not only simple, but which also provided 
simultaneous focusing of the radar data at all radar 
ranges. 

By the end of 1954, a great many of the components 
for the radar system had been proven by laboratory ex- 
perimentation and microwave components for the 
radar were on order. It was decided to build a prelim- 
inary model of the coherent radar in the laboratory and 
to check its performance with a roof-mounted antenna 
before proceeding with the fabrication of an airborne 
breadboard. In this way enough experience could be 
gained to finalize a design before an aircraft became 
available. A stabilizing cavity and a crystal-controlled 
reference at the IF frequency were selected as the 
means for obtaining the necessary radar frequency sta- 
bility and coherence. With this scheme, the prime fre- 
quency reference is a continuously operating klystron 
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stabilized by a high Q cavity. The second reference at 
the IF frequency, also continuously operating, is used 
to single-sideband modulate the RF frequency. A 
chain of pulsed klystron amplifiers is then used to pro- 
duce the desired RF pulse shape and to boost the power 
level for transmission. On reception, the prime fre- 
quency reference serves as the local oscillator for hetero- 
dyning the received signals. 

The laboratory breadboard was operating with a 
roof-mounted antenna by the fall of 1955. Standard 
laboratory oscilloscopes were used as an output display 
and a modified scope camera was used for recording. In 
the spring of 1956 work was started on the fabrication 
of the components for an airborne breadboard system. 

A C-46F aircraft was obtained on bailment from the 
U. S. Air Force in the fall of 1956. Aircraft overhaul, 
modification, and radar equipment installation were 
completed in July of 1957. Figs. 3 and 4 show external 
and internal views of the aircraft with its installed 
equipment. The radome houses the side-looking radar 
antenna and the antenna for Doppler navigation radar. 
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Fig. 4—Breadboard system in the C-46F. 


In the foreground of the interior view is a 14-channel 
Ampex tape recorder which is used to obtain records of 
aircraft accelerations, antenna orientation, and various 
voltages within the radar system. Tape records were 
extremely valuable for post-flight evaluation, for 
trouble-shooting equipment, for formulating modifica- 
tion requirements, and for improving flight-operation 
procedures. The first rack of the radar proper houses the 
coherent transmitter, which is followed in turn by the 
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main control and operators’ panel, power supplies, the 
receiver, and two radar signal displays with camera 
recorders. The components for the Doppler navigator 
are mounted in a separate frame at the extreme for- 
ward position in the cabin. 

For this breadboard system, standard laboratory 
Tektronix 535 oscilloscopes with P-11 phosphor cath- 
ode-ray tubes were used. The recording cameras, which 
were greatly modified Fairchild scope cameras, continu- 
ously advanced 35-mm film in a direction perpendicular 


Fig. 7—Data processor. 
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to an intensity-modulated range trace on the display. 
The rate of advance of the film was controlled by 
ground-speed information obtained from the Doppler 
navigator. The repetition rate of the radar was also 
ground-speed controlled to maintain constant film ex- 
posure. The radar antenna was maintained perpendicu- 
lar to the ground track through a combination of drift- 
angle information from the Doppler navigator and a 


Fig. 8—AN/UPD-1 map of Washington. 


Fig. 9—AN/UPD-1 map of Detroit. 
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gyro mounted on the antenna base. The navigator 
established the long-time average while the gyro cor- 
rected for short-time yawing. 

Success was achieved on August 23, 1957. This was 
the fifth flight on which data were recorded. After this 
one successful flight, which demonstrated high angular 
resolution with the synthetic-antenna technique, it was 
two months before another successful flight was 
achieved. As with most R&D programs there was a 
period in which everything seemed to go wrong. How- 
ever, there were some results which were encouraging. 

Equipment reliability was improved and a number 
of fruitful flights were made in the Willow Run area. In 
the spring of 1958 high-resolution strip maps were ob- 
tained of the Fort Huachuca area and of Tucson, Ari- 
zona. 

By this time, the capability of the synthetic-antenna 
technique was recognized and steps were taken to initi- 
ate the procurement of experimental models mounted 
in U. S. Army aircraft. 

The research and development program with the 
C-46 “flying radar laboratory” is being carried on and 
the results of the experimentation will be made avail- 
able for the next generation of high-resolution radars. 


IV. THE AN/UPD-1 (XPM-1) Systems 


In 1958, at the request of the U. S. Army Combat 
Surveillance Agency, specifications were prepared and 


The Evolution and Application 


N. R. GILLESPIE{, SENIOR MEMBER, IRE, 


Summary—A brief introduction to coherent radar applications is 
given by discussing some basic pulse and CW systems. Comments on 
the historical development of these systems are followed by a 
general discussion of coherent radar parameter variations as they 
relate to the accuracy, resolution and ambiguity of target position 
or speed measurements. 


INTRODUCTION 


HE USE of coherent radar systems has been 

greatly accelerated in recent years. Military and 

civilian applications such as Doppler navigation, 
ballistic missile tracking, speed measuring and airways 
surveillance have been the inspiration of many specific 
papers on coherent systems. 


* Received by the PGMIL, January 17, 1961. 
+ Raytheon Co., Wayland, Mass. 
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a subcontract let to Texas Instruments, Inc., for four 
experimental models of the airborne portion of the 
high-resolution radar system installed in L-23D air- 
craft. The ground portion of the system was fabri- 
cated at Willow Run Laboratories and installed in U.S. 
Army expansible vans. Work started on July 1, 1958. 

The first of the four models of the airborne equip- 
ment arrived at Willow Run Laboratories in the fall 
of 1959. Successful high-resolution operation was 
achieved in the Dallas area, in Michigan, and in the 
area around Washington, D. C. On April 19 a press con- 
ference was held in Washington and some high-resolu- 
tion radar photographs were cleared for release to the 
press. Two complete systems were on display at the 
Washington National Airport. 

Fig. 5 shows the aircraft and the ground processing 
van. As in the C-46F aircraft, the radome houses both 
the side-looking radar antenna anda Doppler navigator 
antenna. The van houses, in addition to film-develop- 
ment equipment and a data processor, an enlarging 
viewer to display high-resolution strip-map photo- 
graphs at standard map scale. Fig. 6 shows the equip- 
ment in the L-23D. The complete weight of the radar 
including Doppler-inertial auxiliaries is 700 Ibs. Fig. 7 
is a photograph of the data processor in the processing 
van. 

Figs. 8 and 9 are high-resolution radar photographs 
made with the AN/UPD-1 systems. 


of Coherent Radar Systems* 


J. B. HIGLEY, anv N. MacKINNONt 


The purpose of this paper is to provide a uniform 
coverage of this subject, including some history, a dis- 
cussion of limitations and examples of the wide variety 
of coherent radar systems. 

A coherent system utilizes the information contained 
in the phase relation of a received signal with respect to 
the transmitted signal. The noncoherent types of pulse 
radar cannot take advantage of this phase information, 
and therefore experience difficulty if the target return 
is buried in reflections from nearby land or water. 

The ability of a coherent system to measure the rela- 
tive phase of target returns enables the Doppler fre- 
quency shift, caused by the relative target motion, to 
be used for multiple return discrimination. 

For example, the moving target indicator (MTT) 
search radar will display targets only if the Doppler 
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shift is sufficiently greater than zero and different from 
multiples of its pulse repetition frequency. Modern 
CW missile guidance radar intelligence circuits are 
satisfied with nothing less than a Doppler return within 
a specified narrow bandwidth set in advance, or deter- 
mined by a Doppler tracking speed gate. 

CW systems are often used when velocity information 
is more important than range. The coherent pulsed sys- 
tem, on the other hand, is usually more concerned with 
target range than its velocity with respect to the sys- 
tem. As pulse widths increase and CW systems _ be- 
come modulated, the number of similar characteristics 
increases and the two systems tend to coalesce. 


THE EVOLUTION OF COHERENT RADAR 


In 1922 Dr. A. Hoyt Taylor and Leo C. Young ob- 
served that the passage of a moving steamer caused 
distortion of their received radio signals.! This distor- 
tion, similar to that experienced by TV viewers living 
near airports, was the “beating” or intermodulation of 
the directly received CW transmission with the steamer- 
reflected Doppler-shifted version of that same trans- 
mission. 

The subsequent development of CW “radio echo” 
moving target locators was undertaken by both the 
U. S. Navy and U. S. Army in the 1930’s. Other coun- 
tries were working on this potentially useful technique, 
and by 1935 the Germans were experimenting with 
3000-Mc CW moving target detection devices. Some 
of the detection devices appeared on tugboats and were 
intended for harbor guidance.’ 

During World War II, operators of pulsed search 
radars noticed that the returns from moving targets, 
which were at the same range as stronger ground reflec- 
tions, could sometimes be detected on an ordinary “A” 
display (signal amplitude vs range) by a fluttering of 
the stronger “clutter” return at the moving target 
range. This phenomena, often called the “butterfly” 
effect, could be noticed only when the clutter return did 
not saturate the radar receiver. The subsequent inven- 
tion of the lin-log IF amplifier response to increase re- 
ceiver dynamic range advanced the utilization of the 
butterfly moving target detection technique. The re- 
sultant system came to be known as the noncoherent 
MT I, because the transmitted signal phase reference 
necessary for detecting targets in clutter was held not 
by a local or internal “memory,” but by external and 
fortuitous means, namely uncontrolled clutter. Systems 
of this type were sometimes used to monitor road inter- 
section activity under blackout battlefield conditions. 
Fluttering of the ground return at the right range was 
the signal for previously aimed shell fire. 


1 “Radar, A Report on Science at War,” U. S. Govt. Printing 
Office, Washington, D. C.; 1945. 

2 “Microwaves to detect aircraft,” Electronics, vol. 8, pp. 18-19; 
September, 1935. 
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Since clutter does not necessarily occur at all ranges, 
some internal means was necessary to differentiate re- 
liably between a water tower and an attacking aircraft. 
The coherent MTI was born with the addition of the 
internal phase reference. 

Several means of remembering or controlling the 
transmitted phase characteristic were possible. A more 
obvious technique is shown in Fig. 1. During the war, 
when the early coherent MTI development was started, 
the required stable master oscillator (STAMO) could 
be designed, but pulsed microwave RF power ampli- 
fiers were not yet within the state of the art. Conse- 
quently, this coherent technique was not used until re- 
cently. The pulsed magnetron was the only practical 
means of generating high transmitted power in micro- 
wave regions where the enemy had not yet learned to 
jam. 

Since the RF pulses emitted from a pulsed magne- 
tron do not bear any predictable phase relationship to 
each other, a free-running oscillator could not accurately 
store the transmitted phase information, and another 
approach was necessary. The concept of phase pulling 
and locking an oscillator to each transmitted pulse as it 
was generated was exploited. This could be accom- 
plished at RF or IF, but the method which was most 
widely accepted is shown in Fig. 2.4 The stable local 
oscillator (STALO) needed stability of a small fraction 
of a cycle for the short time of one pulse repetition 
period. The phase-locked coherent oscillator (COHO) 
had to have a Q low enough to allow rapid phase pull-in. 
With this technique the transmitted phase and fre- 
quency were remembered for pulse reception and sub- 
stantially the same performance as the system in Fig. 1 
was realized. 

In terms of the noncoherent MTT, the coherent sys- 
tem supplied its own clutter reference, and targets 
could be detected by observing the butterfly effect on 
an “A” display. However, this type of presentation was 
not as effective as the PPI for searching in azimuth, and 
techniques were needed for displaying only moving tar- 
gets which could utilize the phosphor storage and map- 
like presentation of the PPI display. 

Because successive video returns from stationary 
targets are similar, and those from the moving targets 
flutter up and down at the Doppler frequency, a clutter 
cancellation scheme could be devised. Fig. 3 illustrates 
the one-delay-line subtraction technique. It can be 
seen intuitively that, when the video time delay exactly 
equals the transmitted pulse spacing, similarities in 
successive returns will be cancelled. Clutter rejection 
schemes are discussed in more detail in later para- 
graphs. 


* J. P. Baxter III, “Scientists Against Time,” Little, Brown and 
Co., Boston, Mass.; 1946. 
'L.N. Ridenour, “Radar System Engineering,” M.I.T. Rad. Lab. 
Ses ea Book Co., Inc., New York, N. Y., vol. 1, ch. 
0; ? 
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Fig. 2—A phase-locked coherent MTT. 


The coherent MTI radar described in the past few 
paragraphs did not get into field usage during World 
War II, but it has been used extensively since then for 
airways and airport surveillance as well as for military 
applications. 

CW systems similar to those originally developed in 
the 1930’s for moving target detection were further re- 
fined so that some measure of target range could be 
taken. Two advantages that CW radar enjoyed over 
ordinary pulsed radar were the ability of the system to 
detect targets at very short ranges, where the pulse 
radar receivers were still desensitized by the finite 
transmit-receive duplexer recovery process, and the 
ability to detect low-flying aircraft or moving vehicles, 
where the reflections from the nearby ground would 
have reduced normal pulse radar effectiveness. 

A simplified CW radar system is shown in Fig. 4. The 
Doppler shift caused by a moving target is obtained by 
comparison of the direct and reflected received signals 
in the receiver. A target indicator for this system may 
be a pair of earphones, which, together with an op- 
erator’s sense of hearing, can provide a very sensitive 
target detector whenever the maximum expected 
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Fig. 3—One-delay subtraction clutter canceller. 
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Fig. 4A simplified CW radar system. 


Doppler shift is less than a few- thousand cycles. Sys- 
tems of this type were used for aircraft detection and 
measurements of shell velocities. A modified version 
of this CW system is the speed-measuring police radar, 
in which a frequency-reading meter calibrated in 
velocity replaces the human ear. 

Power considerations aside, reasonable determina- 
tion of range with a CW system is not possible without 
“time-tagging” the transmitted energy in some fashion. 
AM and FM have been used for this purpose. A spe- 
cialized form of AM, e.g., pulse modulation, could result 
in a system identical to the coherent MTI in Fig. 1. 
The most common form of FM CW is the linearly fre- 
quency swept transmission of the radio altimeter. 
Ranges down to within a hundred feet or so are desired, 
and the Doppler shift due to vertical motion of the air- 
craft or changing terrain serves only to introduce range 
errors (the amount being dependent on the system 
parameters). Altitude is determined by measurement of 
the frequency difference between the reflected signal 
and the transmitted signal at any given time. Since the 
transmitted frequency is changing uniformly, the meas- 
ured difference may be calibrated in terms of the echo 
transit time. 
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SIGNAL PROCESSING TECHNIQUES 


Fig. 5 illustrates some techniques which, along with 
the delay line cancellation scheme, have the most com- 
mon usage in coherent radars. Fig. 5(a) is an example of 
a range-gated, clutter-filter technique which might be 
used in an automatic detection system when the sys- 
tem range is covered by the use of range gates. This sys- 
tem (with some modification) might also be used in an 
automatic range tracking scheme or in a range and 
Doppler frequency measuring device. It demonstrates 
the use of clutter filters with a range-gated system and 
the use of contiguous filters. The lower cutoff in the 
clutter filter is chosen to reject clutter movements up 
to some specified rate which might be caused by the 
motion of waves on the surface of the sea or wind- 
blown chaff. The upper cutoff frequency is set at PRF‘/2, 
for the example given, in order to pass only one spectral 
line of the return signal. There are many variations of 
these techniques, including ones which operate at an 
intermediate frequency, which are beyond the scope of 
this paper. 

The diagram in Fig. 5(b) shows a method of measur- 
ing Doppler frequencies by use of a closed-loop speed 
gate. The speed gate will act both as a filter with a nar- 
row band-pass centered on the Doppler return and as a 
device for Doppler frequency measurement. The speed 
gate and the contiguous filter set can be used in either 
CW or pulse systems, depending on the particular 
application. 

The periodic frequency response of the clutter filter 
shown in Fig. 6(a) is approached by the delay line sub- 
traction technique discussed previously in conjunction 
with Fig. 3. The frequency response for this conven- 
tional MTI clutter canceller is shown by Fig. 6(b) as 
the absolute value of a sine wave.* With this response, 
only nonmodulated clutter returns can be completely 
cancelled, and partial cancellation will occur for desired 
target returns at frequencies other than one-half the 
PRE: 

By cascading two of these simple cancellation cir- 
cuits, the sine-squared response shown in Fig. 6(c) can 
result. With this circuitry, clutter at frequencies near 
zero, or a multiple of the PRF, is attenuated more 
than is possible with the one-delay-line circuit. Through 
the use of recirculation or feedback techniques, the re- 
sponse shown in Fig. 6(a) may be approached.’ 


COHERENT SYSTEM SPECTRA 


Since system analysis of coherent radars usually in- 
volves an examination of signal spectra, this section is 
devoted to the consideration of spectra and waveforms. 
The two extremes of coherent radars may be considered 
to be the unmodulated CW system, with a single-fre- 
quency component which is continuous in time, and the 


5 “Advanced Radar Design Techniques,” Equipment Div., 
Raytheon Co., Wayland, Mass., Sec. 1; September, 1960. 
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Fig. 5—Signal processing techniques. (a) Coherent pulse receiver; 
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b) CW Doppler speed gate. 
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Fig. 6—Velocity response characteristics. (a) Frequency response for 
coherent pulse system with clutter filter. (b) Frequency response 
for a one-delay-line subtraction clutter canceller. (c) Frequency 
response for a two-delay-line subtraction clutter canceller. 


impulse radar with zero time duration and a continu- 
ous frequency spectrum. 

The unmodulated CW signal contains unambiguous 
target speed information in the Doppler shift and 
highly ambiguous range information in the relative 
phase. The target range information repeats itself or is 
ambiguous every half wavelength, making this infor- 
mation generally useless at microwave frequencies. 
Multiple targets may be resolved on the basis of fre- 
quency if their speed difference is adequate, but when 
they are at different ranges and the same Doppler fre- 
quency they cannot be resolved. 
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The impulse radar, on the other hand, yields target 
range information as a time delay, with sharp resolu- 
tion of multiple targets in range. The impulse spectrum, 
however, having included all frequencies, does not allow 
frequency discrimination and therefore has no means 
of resolving multiple targets at the same range. 

The above examples are obviously extremes. There 
are a wide variety of radars between these extremes, 
and they may be grouped into two general categories: 
modulated CW and pulsed Doppler radar. 

Fig. 7 shows the time and frequency diagrams for a 
coherent pulse radar signal. 

If there were no phase continuity between pulses in 
the train, the energy in the spectral lines of Fig. 7(b) 
would be spread continuously under the spectrum en- 
velope. A COHO receiver system can remember the 
phase of each pulse and unscramble the phases in the 
spectrum, thus restoring the spectral lines in the re- 
ceiver to those which would have been received with 
fully coherent transmission. 

With a limited observation time, such as caused by 
antenna scanning, the frequency spectrum no longer 
consists of the familiar lines of a pulse train with un- 
limited observation time. Instead, the spectral lines are 
modified by the frequency transform of the observation 
time characteristic. If the observation interval is in- 
spected periodically, as in a scanning radar, this modi- 
fication will have a fine line structure with a spacing 
equal to the reciprocal of the time duration between ob- 
servation intervals. If the observation time is reduced to 
include only one pulse, the frequency spectrum will con- 
tain all frequency components instead of discrete lines, 
as one would expect from the Fourier transform of a 
single pulse. It will be shown later that observation time 
becomes an important consideration in the study of ac- 
curacy and resolution. 

Fig. 8 shows the relationship between transmitted and 
received signals in time and frequency (with the effect 
of finite observation time ignored), where the trans- 
mitted signals are shown in solid lines and the received 
signals in dashed lines. The signals from this pulsed 
Doppler radar are shifted in time At=2R/c, where 
R=range to target and c= velocity of propagation. 

The signals are shifted in frequency Af = (c+4/(c—v)f, 
or approximately 2vf/c, where v=target velocity and 
f=frequency of particular spectral component. 

Ambiguities or uncertainties in range will exist when 
R2c/2f,, where f,=pulse repetition rate, and ambigui- 
ties in frequencies will result when Af2Zf, 2. 

A Doppler shift Af, large enough to produce am- 
biguous velocities, is shown in Fig. 8(b). The closest line- 
to-line spacing is measured as Af’. There are many tech- 
niques for solving ambiguities by varying one or more 
radar parameters. The principles are discussed later in 
this paper. 

A pulsed Doppler radar is essentially a_ range- 
measuring CW radar with 100 per cent amplitude modu- 
lation by a rectangular pulse. As previously mentioned, 
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Fig. 8—Transmitted and received signal characteristics. 


range could also be measured by frequency-modulating 
a CW radar. 

Fig. 9 shows the time and frequency plots for a CW 
radar that is frequency-modulated by a single sinusoid. 
Frequency plots are shown for low and for moderately 
high modulation indexes. Fig. 9(b) might be an example 
of a spectrum which affords coarse range measurements 
with no velocity ambiguities. Fig. 9(c) shows a wider 
spectrum which might be used to increase the range ac- 
curacy while accepting the resultant ambiguities. 

A form of radar exists, at least in theory, in which no 
ambiguities ever occur and where range and velocity 
determination can be made over any limits with as high 
a precision as desired. The transmitted signal has a 
noise-like waveform. The bandwidth and observation 
time requirements still apply, and the receiving system 
must be coherent. By remembering transmitted wave- 
form, the reflected energy can be examined by time and 
frequency comparison with respect to the stored trans- 
mission. Only when the time and frequency match is 
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within the accuracy limits designed into the system 
would a target be detected. Aside from complexity, the 
main drawback of this system is the lack of resolution 
capability. Multiple targets would be difficult to locate; 
in effect, they would tend to jam each other. 

Since the ability to discriminate between moving tar- 
gets and clutter is often the reason for maintaining co- 
herency, three terms which are commonly used as a 
measure of performance should be defined: clutter re- 
jection, cancellation ratio and subclutter visibility. 

Clutter rejection is the measure of a system’s ability 
to attenuate clutter below some specified level. It is 
usually defined as the maximum clutter amplitude, 
which after being attenuated does not exceed this level. 
It is the ratio of the maximum clutter to receiver noise 
which can be rejected before crossing the specified 
threshold. 

The cancellation ratio is a measure of the clutter re- 
jection available in a cancellation scheme and is defined 
as the ratio of clutter-to-signal ratios before and after 
cancellation. 

Subclutter visibility is a measure of a system’s ability 
to detect weak targets in the presence of strong clutter. 
It is specified as the minimum ratio of signal to clutter 
at which the signal is just discernible. In a pulse system, 
this ratio is measured for clutter and signal appearing 
at the same range, while in an unmodulated CW system, 
it must include the clutter return from all ranges. 
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DETERMINATION OF SYSTEM PARAMETERS 


The final determination of radar system parameters is 
controlled by sometimes conflicting considerations such 
as performance requirements, economics and form fac- 
tors. Considering only the performance requirements, 
three factors—detectability, accuracy and resolution— 
demand attention in a radar system performance 
analysis. 

Detectability is limited by the ratio E/No, where E 
is the returned signal energy (assuming a finite obser- 
vation time) and Np is the received noise power per 
cycle per second. Accuracy in range? (or time) is limited 
by the signal bandwidth, and accuracy in speed (or fre- 
quency) is limited by the time of observation, both for 
a constant ratio of E/N». Resolution, the capability of 
distinguishing returns as separate targets, is limited by 
the spreading and/or ambiguities of the signal in the 
time and frequency domains.’ Although it is difficult to 
formulate a necessary mathematical requirement to 
guarantee resolution, a sufficient condition is that the 
spectra or waveforms of the target returns do not over- 
lap. In noncoherent radars, the choice of system parame- 
ters is primarily governed by these three factors. In 
coherent systems, where speed is obtained by direct 
measurement of Doppler frequencies, ambiguities in fre- 
quency and time often present an additional problem. 

Consider the case where it is desired to measure both 
target range and velocity accurately. If a pulse system 
is used and unambiguous range coverage is required, 
there will be ambiguities in velocity if the Doppler fre- 
quency is greater than PRF/2. If unambiguous velocity 
coverage is required, ranges greater than c/4fa will be 
ambiguous. A frequency-modulated CW radar can 
avoid this problem. The modulation frequency can be 
made low enough to allow unambiguous range measure- 
ment and the deviation kept low enough to avoid am- 
biguous velocity. However, a new restriction has now 
been placed on accuracy, because narrowing the band- 
width of the signal restricts the maximum accuracy of 
range measurement. A noise-like radar transmission ap- 
parently fits all needs, since there are no ambiguities and 
the accuracy of range and frequency measurement is 
limited only by the arbitrary bandwidth and the obser- 
vation time. A restriction in multiple target resolution 
capability now limits performance. 

It appears that there is no approach to the design of 
a coherent radar which will allow opportunity for un- 
limited accuracy, resolution and freedom from ambigui- 
ties. This has been confirmed by the theoreticians and 
is a consequence of “The Radar Uncertainty Princi- 
ple.””'5 Given a specified waveform, the probability of 


®° The determination of target angular positions is usually similar 
for both coherent and noncoherent radars; therefore the treatment of 
this problem has been omitted. 

7P. M. Woodward, “Probability and Information Theory, with 
Applications to Radar,” McGraw-Hill Book Co., Inc., New York, 
IN, Wo OSS. 

8 W. M. Siebert, “A radar detection philosophy,” IRE TRANS. ON 
INFORMATION THEORY, vol. [T-2, pp. 204-221; September, 1956. 
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target detection by a matched filter can be determined 
as a function of the filter time and frequency coordinates 
with respect to those of the target. The value of this 
detection probability, when squared and integrated over 
all time and frequency is a constant, independent of the 
transmitted waveform. Woodward’ and Siebert® have 
demonstrated that detectability, accuracy, ambiguity 
and resolution are interdependent. 

To illustrate some of the principles stated earlier, con- 
sider an application of a coherent radar system to an 
extreme case, such as tracking a satellite, when the fol- 
lowing detailed requirements apply: maximum range— 
700 nautical miles, maximum velocity—25,000 ft/sec, 
range accuracy compatible with 1 Mec bandwidth. 

Three types of systems will be considered: a high and 
a low PRF pulsed Doppler radar and an FM CW radar, 
all at C-band. 

The high PRF radar would require a PRF of 290 ke 
merely to avoid blind velocities and double this to avoid 
ambiguous velocities. At 290 kc, blind ranges would 
occur every 1700 feet. For a fixed PRF the target must 
compete with returns at all ranges and fly through the 
blind ranges at a maximum rate of 15 per second, caus- 
ing 15-cps amplitude modulation of the signal. Modula- 
tion products would appear as 15-cps harmonics around 
each frequency component in the return spectrum, thus 
restricting the accuracy with which the Doppler fre- 
quency may be measured. A scheme to avoid the passage 
through blind ranges would cause considerable com- 
plexity in equipment design. 

The low PRF system with unambiguous range would 
require a PRF of about 115 cps, with resulting ambigu- 
ous speeds every 5 ft/sec. Any useful clutter rejection 
would be out of the question, since rejection of clutter 
modulations from 0 to 5 ft/sec would eliminate all 
target returns, moving as well as fixed. Even if very low 
velocities were to be rejected, any acceleration of the 
target would again cause amplitude modulation of the 
signal as it passed through the blind velocities. As with 
blind ranges for the high PRF system, this would spread 
the PRF lines, and at such a low PRF might even cause 
the lines to overlap. 

Similar phenomena occur with the use of an FM CW 
system. In order to meet the range requirement, a band- 
width of 1 Mc (approximately equal to 24f or 2mf,,) will 
be necessary so that mf, must be 2500 kc. A choice 
comparable to that between a high and a low PREF 
pulsed Doppler radar must be made, and ambiguities 
must be accepted. 

For unambiguous range to 700 nautical miles, fn, can- 
not be greater than 115 cps; therefore, the resulting 
separation of lines in the frequency spectrum will create 
speed ambiguities every 5 ft/sec. For unambiguous 
range rate to 25,000 ft/sec, /,, must be 2580 kc (twice 
the expected Doppler frequency shift). This results in 
range ambiguities every 850 feet. At values of f,, be- 
tween these extremes, there are ambiguities in both 
range and range rate. 
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A CW system with a large mf, product is possible, 
but it loses the basic advantages of simplicity and nar- 
row bandwidth without gaining the advantages of a 
pulsed Doppler system, particularly the high rejection 
of targets outside the range gate. 

The previous examples demonstrated that simple 
radar would have difficulty with the simultaneous ap- 
plication of extreme range, speed and accuracy require- 
ments. Depending on the costs, form factors, etc., the 
choice of a final system lies between coping with the 
shortcomings outlined or applying the equivalent of 
multiple radars side by side, which can, in effect, break 
down the requirements into wieldy groups. Most system 
requirements are obviously much less severe and the 
resulting system designs are usually quite reasonable. 

There are many applications where the range ac- 
curacy requirement is of secondary importance, such as 
beam rider or semi-active homing missile systems. In 
this case, the FM CW radar will be a natural considera- 
tion, since unambiguous range and velocity may be had 
at the expense of range accuracy. 

In some amplications where pulse radars are the nat- 
ural choice because of tighter range requirements, it 
often becomes necessary to use a system with ambigui- 
ties. If target velocity is important only as an indication 
of target motion, then ambiguities in velocity may be 
disregarded. However, when the Doppler shift of the 
target return is equal to some multiple of the PRF, blind 
velocities will occur, and the system design should in- 
clude a method of avoiding them. 

Range ambiguities can be tolerated without any spe- 
cial considerations if a means of determining coarse tar- 
get range is available. If the receiver system is blind 
during transmit time, it may be necessary to develop a 
technique for avoiding the blind ranges at »/PRF 
intervals. 

The obvious method of avoiding blind speeds and 
ranges is to vary the system PRF. Fig. 10(a) indicates 
the frequency pass-band characteristics of the coherent 
pulse radar using a range-gated clutter-filter technique 
at two different PRF’s. Note that the blind frequency 
bandwidth is equal to twice the clutter rejection fre- 
quency, f.. Switching between these two PRF’s will 
allow coverage of Doppler frequencies up to the fre- 
quency where there is an overlap in the blind region for 
both PRF’s. Fig. 10(b) shows the blind range intervals 
for two PRF’s, and similarly it can be seen that the 
combination of the two PRF’s allows unrestricted cover- 
age out to a range where the blind regions overlap. If 
both blind ranges and blind velocities are to be avoided 
simultaneously, then more than two PRE’s will be 
required. 

PREF variation may be used to solve ambiguities in 
range and velocity as well as to avoid blind spots. Be- 
cause the actual target range is equal to the apparent or 
ambiguous range plus some multiple of the transmitted 
pulse interval, true range can be determined by obser- 
vations at two PRF’s. Likewise, the true Doppler fre- 
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Fig. 10—Dual PRF’s for avoiding blind regions. 


quency can be determined by measuring the ambiguous 
Doppler frequencies at different PRF’s. Schemes for 
rapid solution of ambiguities which require modulation 
of the PRF should be considered with some caution, 
since modulation of the PRF will cause additional lines 
to appear in the frequency spectrum and may hinder 
the resolution of the Doppler frequency. 

Another system parameter which affects the am- 
biguity is the transmitter frequency. If it is desired to 
maintain unambiguous range and Doppler frequency 
measurement, the following relationship between PRF, 
transmitted frequency and maximum unambiguous ve- 
locity may be exploited: 


40max 
ii 0 C 


Decreasing the transmitted frequency will provide 
more Doppler space for unambiguous velocity measure- 
ments without affecting the range PREF requirement. 

Coherent system techniques allow target detection at 
weak signal levels lower than those detectable with non- 
coherent techniques. One such technique is the use of 
narrow-band filters before envelope detection in order 
to reduce the signal-to-noise loss caused by noise inter- 
modulation.’ Serious consideration should be given to 
the relative merits of increasing transmitter power or 
receiving system complexity in order to achieve the de- 
sired system detectability. 

Two other important considerations must be included 
under the subject of system parameter determination 
for coherent radars: subclutter visibility and clutter re- 
jection. Although clutter is not always a significant 


9R, A. Smith, “The relative advantages of coherent and inco- 
herent detectors: A study of their output noise spectra under various 
conditions,” Proc. LEE, vol. 98, pp. 43-54; October, 1951. 
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problem, it generally requires consideration where CW 
systems are involved, or where pulse systems for short- 
range application or having ambiguous ranges are used. 

Subclutter visibility, as previously defined, is a meas- 
ure of the system’s ability to detect small targets in the 
presence of large clutter. In CW systems or ambiguous 
pulse systems where a continuous CW reference is used, 
the limitation in subclutter visibility is usually deter- 
mined by the amount of noise on the transmitted signal. 
When the target return is accompanied by clutter, the 
noise in the received signal will include the transmitter 
noise at an amplitude proportional to the clutter ampli- 
tude. Thus there is an obvious limitation in the ability 
to detect a target of given cross section in the presence 
of clutter. In a CW system, range performance will be 
affected by the degree of subclutter visibility and local 
clutter conditions since all the clutter will compete with 
the returned target. In an ambiguous-range pulse sys- 
tem, the range will be somewhat affected by subclutter 
visibility and clutter conditions because it may be neces- 
sary to observe long-range targets buried in ambiguous 
short-range clutter. 

Clutter rejection in coherent systems is accomplished 
either with cancellation techniques for pulse-to-pulse 
comparison systems, or with filters in CW and pulsed 
Doppler systems. The worst result of inadequate clutter 
rejection is usually the production of false target alarms. 
If clutter rejection is achieved after phase comparison, 
an additional problem of harmonic distortion arises 
when moving clutter is encountered. When harmonic 
distortion in the circuitry between the phase detector 
and the clutter rejection filters is excessive, multiples of 
the clutter frequency may appear in the target pass 
band. This is a situation which might be encountered 
when the radar is on a moving platform (such as a ship 
or a tank) and is one reason why clutter rejection at IF 
may be preferred. 


TARGET ANALYSIS IN COHERENT RADARS 


Target analysis is usually considered to be the evalua- 
tion of target parameters such as position, speed, course, 
size, maneuvers, etc. Unfortunately, even perfect resolu- 
tion of targets in space and frequency is not sufficient 
to meet the requirements of many tactical situations. 
Some new techniques are in order. Serious effort has 
been directed toward detailed spectral analysis of the 
target return. This analysis may amount to the exami- 
nation of target modulations from which useful informa- 
tion such as target engine type, size, number of vehicles, 
detection of maneuvers, decoy identification and coun- 
termeasures analysis is available to some extent. 

The advent of operational coherent systems has been 
of particular aid in the advancement of these spectral 
techniques because of the availability of the modulation 
information in a usable form. In a noncoherent radar, 
the target modulations are irretrievable except for those 
components which are strictly amplitude modulation. 
The reason for this is evident when the modulations are 
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considered to be the complex resultant of various signals. 
If the signals are compared, the relative phase from 
pulse to pulse is lost because the noncoherent radar, as 
explained previously, has either no continuity in phase 
or no means of storing the transmitted pulse phase for 
comparison with the signal return. Because a coherent 
system maintains a continuous phase reference, the re- 
turn signal will exhibit all the target modulation fre- 
quencies when they are detected and filtered. 

Once the target modulations have been recovered, 
they can be visually displayed as a spectrum or aurally 
presented. The aural display is the simplest to obtain 
since it consists merely of an audio system with the 
proper band-pass characteristics. The extent to which 
this can be used will depend somewhat on the system 
transmitted frequency and target speed if unambiguous 
Doppler is to be used, because the Doppler frequencies 
might be beyond the audible range. The acceptance of 
ambiguous Doppler frequencies could solve this problem. 

An aural display also allows the operator to perform 
as a narrow-band detector since the signal-to-noise 
ratios detectable by the ear are quite good and in the 
order of —15 db. The audio target “signature” of a jet 
aircraft is often characterized by a tone which is not a 
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direct function of the target’s speed, but rather a func- 
tion of the turbine RPM. Propeller-driven aircraft also 
have their unique audio signatures. 

It is conceivable that more sophisticated means of 
target modulation spectrum analysis could be made 
with some means of automatic analysis, but it is unlikely 
that a simple device could be made to duplicate the per- 
formance of a trained operator. 


THE COUNTER-COUNTERMEASURES ASPECT 


Little can be said in this paper about the counter- 
countermeasures aspects of the coherent radar because 
of security considerations. However, the clutter rejec- 
tion and subclutter visibility properties of coherent sys- 
tems are obvious advantages against the chaff types of 
countermeasure. Because the trained operator is still an 
excellent counter-countermeasure, an additional input 
to him in the form of audio offers interesting possibilities 
for the advantageous use of audio target signatures. 
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Interferometer Techniques Applied to Radar* 
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Summary—A method is described for measuring the angular 
rate of a radar target by measuring the rate of change of the phase 
difference between radar echoes received at two widely separated 
antennas. It is shown that it is possible by the interferometer tech- 
nique employed to obtain a direct measure of target angular velocity 
ia much the same manner that Doppler measurements yield radial 
velocities. 

Three main questions existed concerning the basic feasibility of 
such an approach: 


1) Will the effect of the fluctuations in time of arrival arising 
from inhomogeneities in the atmosphere render the data in- 
capable of interpretation? 

2) Is sufficient phase stability obtainable in the equipment and in 
the transmission paths between widely separated sites to 
permit phase measurements of the required accuracies? 

3) Will serious degradations in the data occur as a result of shifts 
in the phase center of irregularly shaped tumbling objects? 
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{ M.I.T. Lincoln Lab., Lexington, Mass. Operated with support 
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INTRODUCTION 


HE radar interferometer may be defined as a mul- 
tistatic radar system that measures the difference 
in the phase of an echo signal as received at two 
or more stations. For the discussion in this paper it will 
be assumed that the target is illuminated by one of the 
stations and observed by all. 
The significance of phase difference measurements in 
a passive radio interferometer can be seen in Fig. 1. 
For a distant target, the difference in path length to 
the two stations of spacing 0 is 


l= 0 cos @. (1) 
The phase difference between the signals reaching the 


two stations, assuming a monochromatic illumination 
wavelength XA, is 


Qa 
a) = ze b cos 6. (2) 
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Fig. 1—Profile of Millstone Hill to Lexington field station. 


The sensitivity of the interferometer as a function of 
angle is 
dp Dhigee Sh. 
— = — —bsiné. (3) 
dé dN 
Two features immediately become apparent as the 
spacing of the stations is increased : 


1) The value of ¢ becomes an extremely sensitive 
measure of the polar angle @. 

2) The measure becomes extremely ambiguous, 7.é., 
it is impossible to determine which multiple of 27 
radians (360°) of phase angle corresponds to the 
phase path difference. 


The situation is analogous to having a clock missing 
all the hands but the second hand; one could read the 
time very accurately, but highly ambiguously. However, 
to carry the analogy further, if this clock were continu- 
ously observed, it would be possible, by keeping a count 
of the number of revolutions, to achieve an unambigu- 
ous measure of the elapsed time between any pair of 
events. Thus, the angular velocity of a target (i.e., the 
rate of change of angular position) can be measured un- 
ambiguously if continuous track is kept of the phase 
angle. 

The radio interferometer first received wide-spread 
application in radio astronomy. Ambiguities can be re- 
solved by moving one or more of the antennas! and 
making successive measurements, OF by the use of multi- 


1R. N. Bracewell, “Radio interferometry of discrete sources,” 
Proc, IRE, vol. 46, pp. 97-105; January, 1958. 


ple base lines to resolve the ambiguities. The minitrack 
system? is a good example of the multiple base line tech- 
niques applied to a vehicle tracking problem. 

Another possibility for resolving ambiguities is the 
use of a broad-band signal instead of a single frequency.® 
This approach permits not only the unambiguous deter- 
mination of direction of a single source but also the reso- 
lution of a number of separate sources. 

Instead of using a continuous band of frequencies, it 
is possible to use a discrete set of frequencies or side- 
bands. Thus, assuming that a carrier frequency is modu- 
lated simultaneously at, for example, frequencies of 1/25 
and 1/625 of its own frequency, it 1s possible to measure 
the relative phases of the detected modulation to 
achieve coarser measures of phase. This method is used 
in the AZUSA! system at Cape Canaveral, Fla., for re- 
solving phase ambiguities.” 

From a proposal of Franklin A. Rogers in 1958, Dr. 
Roger Manasse and John Sheehan at the M.I.T. 
Lincoln Laboratory designed an experimental two- 
station interferometer between the main Laboratory 
and the Millstone Hill radar 25 km distant. At the 440- 


2J. T. Mengel, “Tracking the earth satellite, and data trans- 
mission, by radio,” Proc. IRE, vol. 44, 755-760; pp. June, 1956. 

3. R. Dausin, K. E. Niebuhr, and N. J. Nilsson, “The Effects of 
Wide-Band Signals on Radar Antenna Design,” RADC, Griffiss AF 
Base, N. Y., TN 59-178, ASTIA Doc. No. AD 216-023; July, 1959. 

4 AZUSA, Convair Div., General Dyanmics Corp., San Diego, 
Calif., Convair Rept. No. AZN-004; March, 1959. 

5 In the AZUSA system this technique is only used for measuring 
the phase difference between the signal transmitted to the rocket and 
that returned by the transponder, 7.e., the range measurement. From 
practical considerations, a multiple base line is used for the angular 
measurements. 
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Mc frequency of the Millstone transmitter, this cor- 
responds to a b/d of about 38,000. The so-called “fringe 
width,”® or the angular motion corresponding to a 360° 
phase shift between antennas, varies from 6 seconds of 
arc near the perpendicular to the base line to a width of 
0.4 degree of arc for the first fringe off the end of the 
base line. 

The integration of interferometer techniques with 
conventional pulsed radar provides a measure of the 
three coordinates of position plus three velocity com- 
ponents. As was pointed out earlier, it is possible to make 
an unambiguous measurement of angular change over a 
period if an unbroken count of the phase rotations is 
maintained. With such a radar system, then, there is no 
need for removing the ambiguity in the interferometric 
angular position measurement. However, with a pulse 
radar, the requirement for continuous phase observa- 
tions cannot be strictly met. In fact, the phase difference 
may complete a large number of cycles between radar 
pulses. Also, the relatively low signal strength available 
(compared to-that available with a satellite beacon or 
transponder) requires a close approach to matched filter- 
ing of the signal; this filtering is required without intro- 
ducing undetermined phase shifts. Incidentally, the need 
for high-gain antennas discourages on an economic basis 
the use of additional base lines for ambiguity elimina- 
tion, as might be done in passive tracking inter- 
ferometers. 

Three main questions are listed concerning the basic 
feasibility of a radar interferometer using such a long 
base line:? 


1) Is sufficient phase stability obtainable in the equip- 
ment and in the transmission paths between widely 
separated sites to permit phase measurements of 
the required accuracies? 

2) Will the effect of the fluctuations in time of arrival 
arising from inhomogeneities in the atmosphere 
render the data incapable of interpretation? 

3) Will serious degradation in the data occur as a re- 
sult of shifts in phase center of irregular tumbling 
objects? 


The experimental system described here has answered 
all of these questions optimistically. Work directed at 
answering each of the questions will be described in turn. 


EXPERIMENTAL SYSTEM 


A simplified diagram of the Millstone Radar Inter- 
ferometer is shown schematically in Fig. 2. 


6 This term results from the repeating lobe or fringe-type radi- 
ation pattern resulting from an interferometer consisting of two 
space antennas connected in parallel at the receiver terminals. 

7 At the time of completion in 1959, the base line was, by a sub- 
stantial margin, the longest known to the authors, both in absolute 
length and in terms of wavelengths (b/d). Recently a 40-mile inter- 
ferometer at 160 Mc has been placed in operation at the Nuffield 
Radio Astronomy Labs., Jodrell Bank, England and a 1-mile long 
S-band interferometer, using two 90-foot parabola antennas on rail- 
way tracks, is under construction at the Royal Research Establish- 
ment, Malvern, England. 
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MILLSTONE 
DISH 


Fig. 2—Simplified block diagram of Millstone- 
Lexington interferometer. 


The Millstone radar typically operates using a simple 
pulsed signal with a repetition frequency of about 30 
per second and a pulse length of two milliseconds. For a 
low satellite at 200-km range, the maximum angular 
velocity is 40 milliradians (2°) per second, corresponding 
to a maximum rate of change of phase difference in the 
interferometer of 3 revolutions (1080°) per two-milli- 
second pulse length and 47 revolutions in the interval 
between the end of one pulse and the start of the next. 

If the rate of phase rotation can be measured suf- 
ficiently accurately during the two-millisecond pulse, it 
is easy to extrapolate the number of revolutions under- 
gone between pulses, thus maintaining an accurate 
count of the total phase shift undergone over a period of 
time. However, frequently it is not possible to measure 
the rate of phase rotation, 7.e., frequency, so accurately 
on a single pulse, and doubt may exist whether, say, 47, 
48, 49, or 50 cycles of phase rotation have taken place 
during one interpulse period. This ambiguity corre- 
sponds to possible frequency errors in multiples of the 
repetition frequency, as would be expected from examin- 
ing the spectrum of a periodically pulsed signal. This, of 
course, consists of “spikes” spaced at the pulse-repetition 
frequency with an envelope corresponding to the spec- 
trum of a single pulse. A small amount of noise or equip- 
ment instability can cause an adjacent frequency spike 
to be mistaken for the true center frequency. 

Fortunately, a difference of 30 cps corresponds to a 
difference of 3° in target travel over a ten-second period. 
With an observation period of this length, the coarse 
angular rate measurement from the antenna tracking 
is sufficient to resolve the ambiguity.® 


8 Another method for resolving the ambiguity involves staggering 
the pulse interval. For instance, the interpulse interval after the 
odd-numbered pulses can be made ten per cent longer than normal, 
while the interval after even-numbered ones is made ten per cent 
shorter than normal. Without pulse staggering, a 30-cycle frequency 
difference would appear the same as a zero frequency difference 
except for a 21° difference in phase shift during the 2-millisecond 
pulse. The staggered pulse would exhibit a 36° phase advance 
between pulses 1 and 2, and a similar phase retardation between 
pulses 2 and 3, a 72° difference between successive phase changes. 
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The preceding discussion on phase measurements im- 
mediately raises questions concerning the effect of noise 
and optimum methods of processing. If one assumes the 
noise and other phase-perturbing effects to be com- 
pletely independent at the two interferometer stations 
(the latter is not strictly justified), one can show that the 
optimum filtering consists of independent Doppler filter 
banks of matched filters at each of the interferometer 
stations. By measuring the Doppler and phase (with 
respect to the transmitted frequency) for each station 
and subtracting, the interferometer frequency and phase 
differences are obtained. 

According to Woodward® and Manasse'? the rms ac- 
curacy of a Doppler measurement (angular velocity) of 
a single rectangular pulse of length 7’ is 


Des 
=o 


Oy (4) 
where R is twice the energy contained in the received 
pulse divided by the noise power per unit bandwidth. 
(This ratio corresponds to the maximum signal-to-noise 
ratio available from a properly matched filter and is 
here assumed to be much greater than one.) For the fre- 
quency difference between two stations, with signal-to- 
noise ratios R; and R2, the rms error is 
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The rms phase measurement errors for a single sta- 
tion and for an interferometer are, respectively, 


(S) 


oy 


1 
ie oR (6) 
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The single-pulse frequency measurement (or, equiva- 
lently, the rate of phase change during a single pulse) 
may be useful in ambiguity resolution; the significance 
of the phase accuracies will be discussed further. 

A simplified block diagram of the processing equip- 
ment used for most of the interferometer measurements 
to date is shown in Fig. 2. The two product (cross- 
correlation) detectors give outputs proportional to the 
cosine and sine of the phase difference. The signal filter- 
ing is a compromise involving a broad predetection filter 
and a narrower postdetection low-pass filter matched to 
the transmitted pulse length. Some such procedure is 
necessary in a simple system such as this because the use 
of a conventional bank of nearly optimum predetection 


9 P. M. Woodward, “Probability and Information Theory with 
Applications to Radar,” Pergamon Press, Inc., London, England; 
McGraw-Hill Book Co., Inc., New York, N. Y., chs. 6, 7; 1953. 

10 R. Manasse, “Summary of Maximum Theoretical Accuracy of 
Radar Measurements” The MITRE Corp., Bedford, Mass., Tech. 
Ser. Rept. No. 2; February, 1960. 
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filters introduces discontinuous phase shifts as a transi- 
tion is made from one filter to the next. 

The simple system works satisfactorily when the an- 
gular rate of the target is small; at high angular rates, 
when the phase changes by an appreciable portion of 
a cycle during the two-millisecond pulse length, or when 
‘t is desired to measure the phase angle between the 
transmitted and the received signal at frequencies away 
from zero Doppler, the system is less than satisfactory. 
A fair body of experimental data has nonetheless been 
obtained. In addition, a promising expedient for allevi- 
ating the deficiencies of the system discussed here is 
described in the Appendix. 


EQUIPMENT STABILITY 


Phase instabilities in the system arise in the radar re- 
ceivers, in the transmission links and from failure to 
maintain absolute local oscillator synchronism between 
the sites. Measurements have shown the receivers to be 
phase-stable to within +3° over a 40-db dynamic range. 
The phase variation introduced by the microwave link 
in transmitting the low intermediate frequency of 200 ke 
is negligible, of course. 

The local oscillator phase reference is obtained from 
heterodyning a separate link frequency of 407.5 Mc 
with the 410-Mc local oscillators at each location, as 
shown in Fig. 3. The local oscillator frequencies are syn- 
thesized at each location from an ultra-stable oscillator. 
The stable source at the Lexington end is manually 
verniered to maintain a constant phase-difference pat- 
tern on the oscilloscope. 


MILLSTONE LEXINGTON 


UHF 
LINK 


Fig. 3. 


The profile of the transmission’ path between Mill- 
stone and Lexington is shown in Fig. 1, with the vertical 
scale exaggerated fifty-fold. The Westford Hiil tise, 
with its swaying trees, has been an occasional source of 
phase instability in the microwave link. However, it is 
believed that the fact that it provides shielding from 
expanses of level ground has resulted in reduced multi- 
path problems at 407.5 Mc where antenna directivity is 
much less. 

Change in the length of the propagation path and the 
stability of the 407.5-Mc transmission was measured by 
a variant of the method used by Herbstreit and Thomp- 
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son" to measure small changes in propagation time. The 
84-foot Millstone dish and the 28-foot Lexington dish 
were pointed at one another. One watt at precisely 440 
Mc was transmitted from Millstone and a similar power 
at a frequency differing by about 1 ke was transmitted 
from Lexington. 

The “receiver” at each end for this experiment con- 
sisted of a crystal diode detector using the outgoing 
transmitted frequency as its own local oscillator. The 
phase difference between the 1-kc detector outputs at 
each end (which were brought together for comparison 
via a land line) represents the combined phase shifts for 
a round-trip path. Assuming that the propagation path 
is reciprocal for the two frequencies, it is possible to ob- 
serve the variations in the propagation delay. The phase 
of the 407.5-Mc signal, which is derived from the same 
standard oscillator, was then compared against the 
phase at 440 Me. 

Measurements taken with this arrangement and pre- 
viously reported by Gehrels” indicated an over-all phase 
instability for the 407.5-Mc system of 4° peak-to-peak 
Over a ten-minute period. This corresponds to a relative 
timing accuracy of 2.5 X10-* microsecond. 

Obviously, this technique of two-way transmission 
could be used for compensating instead of merely meas- 
uring these errors. 


ATMOSPHERIC EFFECTS 


The troposphere is known to introduce short-term 
fluctuations in the angle of arrival of line-of-sight radio 
waves on the order of a tenth of a milliradian.'® The 
ionosphere also introduces fluctuations of a magnitude 
highly dependent upon frequency. From these facts it 
has been concluded that to build an interferometer 
longer than one kilometer in the UHF region" or to build 
an antenna with greater than 80-db gain (or even Jess 
for antennas pointed at low angles)'® would be pointless 
because of the absence of a coherent wavefront over the 
full aperture. Fortunately, the linear extrapolation of 
increase in phase snift with increasing base length im- 
plied by a constant angular deviation does not hold for 
very long base lines.” 

Consider two essentially parallel paths through the 
atmosphere spaced by distance D. Because of atmos- 


J. W. Herbstreit and M. L. Thompson, “Measurements of the 
phase of radio waves received over transmission paths with electrical 
strengths varying as a result of atmospheric turbulence,” Proc. 
IRE, vol. 43, pp. 1391-1401; October, 1955. ; 

12. Gehrels, “A Measurement of High Altitude Atmospheric 
Refractive Effects by Means of a Long Base Interferometer,” pre- 
sented at the URSI-IRE Spring Meeting, Washington, D. C.; May 

60. 
‘i W.L. Anderson, M. J. Beyers and B. M. Fannin, “Comparison 
of computed with observed atmospheric refraction,” IRE TRANs. 
on ANTENNAS AND PROPAGATION, vol. AP-7, pp. 258-260; July, 1959. 

4 R.S. Lawrence, “An investigation of the perturbations imposed 
upon radio waves penetrating the ionosphere,” Proc. IRE, vol. 46, 
pp. 315-320; January, 1958. ion 

* IK. Bullington, “Characteristics of beyond-the-horizon radio 
transmission,” Proc. IRE, vol. 43, pp. 1175-1180; October, 1955. 
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pheric turbulence, these paths at a time ¢ offer phase 
shifts varying from their normal values by y(t) and 
W2(t). One may define a cross-correlation function (not 
normalized) as a function of spacing D: 


The mean-square variation for one path alone is 
(AY(1)?)av = RY(0). (9) 


The mean-square phase differences, ¥;—y2, between 
the two paths are 


og” = ((Avi — Avr)? )av, (10) 
= 2((AW)?)ay — 2(A~i Ave) av, (11) 
= 2[R(0) — R(D)]. (12) 


The result is that at small spacings the mean-square 
phase difference does increase rapidly with spacing, but 
at large spacings reaches a limiting value 2R(0). Values of 
these correlation coefficients have been calculated by 
Muchmore and Wheelon" by use of mathematical mod- 
els designed to be in reasonable agreement with the ex- 
perimental results of Herbstreit and Thompson." The 
results indicate at 440 Mc an expected single path phase 
variation of 3-10-? radian and essentially zero correla- 
tion with spacings exceeding several hundred feet, the 
tvpical size of the turbulent blobs. 

Larger-scale effects that in some cases may cause 
greater total phase changes can result from diurnal and 
meteorological frontal and layer phenomena.'? However, 
these vary slowly enough in time and in position to have 
very little effect on short-duration velocity measure- 
ments. One possible exception is a large isolated cloud 
of the cumulus variety. A grazing beam entering such a 
cloud could undergo a 30° phase shift over a few seconds. 

The effect of the ionosphere in producing phase fluc- 
tuations is not well established. However, the derivation 
following sets an upper limit to the value of deviations 
so vaused in the angular rates measured with the subject 
radar interferometer. From short baseline interfero- 
metric observations of radio star angular scintillations, 
Booker,'® one can the maximum differential 
propagation delay over the short baseline. Keeping in 
mind that the radar interferometer is measuring angular 
rates only, rather than angle, and assuming its base line 
is long compared to the scale size of ionospheric irregu- 
larities, one can infer a worst-case error in the measured 


infer 


angular rates, as follows. 


16 R. B. Muchmore and A. D. Wheelon, “Line-of-sight propaga- 
tion phenomena—Section I. Ray treatment,” Proc. IRE, vol. 43, 
pp. 1437-1449; October, 1955. 

17 J. R. Bauer, “The Suggested Role of Stratified Elevated Lay- 
ers in Transhorizon Short-Wave Radio Propagation,” MIT Lincoln 
Labs., Lexington, Mass., Tech. Rept. No. 124, September 24, 1956. 

18 H. G. Booker, “The use of radio stars to study irregular refrac- 
tion of radio waves in the ionosphere,” Proc. IRE, vol. 46, pp. 298- 
314; January, 1958. 
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The angular variation measured by an interferometer 
of projected length D is 


Oe 
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Clearly, the apparent angular deviation decreases 
with increasing D, as can be seen from 


(13) 
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where use is made of the limiting expression for the 
second derivative and the fact R(—D) =R(D). 

The rapidity of the ionospherically-related phase fluc- 
tuations for a rapidly tracking beam is determined 
principally by the rate at which the beam passes from 
one ionospheric irregularity to the next. The expression 
for the mean-square variation of the derivative of the 
phase can be derived in a similar manner: 


gyn ok XO), (17) 


where v is the linear velocity of scan at the layer. 
For an angular scanning rate @ and a layer distance 7, 


v = Or, (18) 
and the rate of the phase fluctuation is 
oy? = — 7'6R'(0). (19) 


For a two-station interferometer of projected spacing 
D, where D is large compared to the scale of the irregu- 
larities, z.e., R(D) and R’’(D) are zero, 
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The similarity of (16) and (21) permits deducing an- 
gular rate errors from fluctuations in angular position 
measured with short base interferometers. Booker'® re- 
ports a number of observations of angular fluctuations 
made of “radio stars” with short base interferometers. 
Observed scintillations have been typically 0.001 radian 
at 40 Mc. Scintillations ten times as great have been 
observed on exceptionally disturbed days (magnetic 
storms, etc.). Substituting the above equations and cor- 
recting for the frequency dependence of the ionosphere 
gives an angular-velocity error of about 0.15 per cent at 
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high elevation angles. The ionospheric effects are in in- 
verse proportion to the square of the frequency and in 
direct relation to the cosecant of the elevation angle. 


TARGET EFFECTS 


Target scintillation is the effect least amenable to 
analysis. Although it is intuitively possible to visualize 
shifts of phase center as an echoing target tumbles, it is 
not immediately clear whether this will lead to discon- 
tinuous changes in relative phase between the two inter- 
ferometer stations and thus render the data difficult of 
interpretation. Since analysis and early tests appeared 
to indicate the feasibility of such a system so far as other 
questions are concerned, an experimental approach to 
the target effect question appeared most attractive. 

Results of pertinent tests appear in the following 
sections. 


EXPERIMENTS AND RESULTS 


An extensive program of satellite observation has 
been carried out in order to verify the operation of the 
interferometer. The emphasis has been on the demon- 
stration under different circumstances of the capability 
to obtain data which are consistent enough to be usable 
from such a device. The system sophistication necessary 
to permit ready derivation of orbit parameters from ob- 
servations has not yet been provided. However, experi- 
mental confirmation of feasibility of the approach opens 
the way for realistic system thinking to this end. 

Fig. 4 exemplifies a typical computer plot of phase 
difference residuals. A best-fit parabola has been sub- 
tracted from the raw data in order to make the vertical 
scale of the plot manageable. Study of the figure shows 
a value for rms phase error of less than 15 electrical de- 
grees. The observed phase fluctuation results from the 
combined effects discussed, but excludes possible slow 
tropospheric and ionospheric factors that could result in 
bias errors extending below the period during which a 
parabola matches the geometry of the experimental situ- 
ation. Fifteen electrical degrees corresponds to a posi- 
tional movement of 1 meter at 1000 km! 

Fig. 5 shows a target in transition from a compara- 
tively steady to a highly scintillating signal. The scintil- 
lations were sufficiently severe to cause difficulties for 
the Millstone automatic tracking system. The phase, 
however, can still be followed consistently, albeit with 
added “noise.” ; 

The observed phase jitter is greater than that ex- 
plained by atmospheric effects alone. A strong compo- 
nent having a periodicity one fourth the PRF is clearly 
visible and is an effect of the conical scan feed system of 
the Millstone tracker. The remaining instabilities must 
be ascribed to the other causes discussed earlier. 

The above results are representative of those from 
many targets observed with the system, including Sput- 
nik V (rocket case), the Echo balloon, payloads and 
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rocket cases of the T]ROS and TRANSIT series, and 
several Discoverer (AGENA) vehicles. Target scintil- 
lations, though causing a noticeable degradation in 
phase stability, do not appear to render the data un- 
usable for orbital determination—at least for the objects 
observed. Thus, the feasibility of a radar interferometric 
approach to this sort of measurement seems to be 
established. 


SOME SYSTEM CONSIDERATIONS 


The radar interferometer was conceived as a means 
for supplementing the radial (Doppler) velocity and 
position measurements from a monostatic radar with 
measurements of the transverse velocity components in 
order to permit the establishment of a complete velocity 
vector at a point in space. It now appears that the inter- 
ferometer velocity measurements are more accurate 
than the conventional Doppler measurements as now 
made. 
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The phase-measurement technique used in the inter- 
ferometer appears directly applicable to the extremely 
accurate measurement of radial velocity, or what might 
be called “fine Doppler.” It is possible that target scin- 
tillation effects could defeat the fine Doppler measure- 
ments where they do not greatly affect the measurement 
of the phase difference between two stations. Preliminary 
results, however, are encouraging in this respect, and, in 
the system calculations to follow, it is assumed that the 
radial velocity can be measured at least as accurately as 
the transverse velocities. 

If the values of phase error are statistically independ- 
ent for each of the pulse returns (as is the case for con- 
tributions from receiver noise), the phase rate error is 
given approximately by 


2/3 
ee ee (22) 
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where 


ois the rms deviation of the phase, 
N is the number of pulses, 
tis the total time of observations. 


If the observational errors are not independent (as is the 
case in periodic fluctuations due to target scintillation, 
atmospheric inhomogeneities, tracking errors, etc.), the 
maximum error may be the considerably larger value 
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Using the more pessimistic formula, ¢; may be as large 
as 0.25 radian per second or 0.08 cycle per second for 
a two-second observation. 

Based on the above results regarding electrical phase 
stability, the accuracy of the angular-velocity measure- 
ment of a two-base-line interferometer can be derived as 
follows. Consider an interferometer with two equal- 
length base lines, one east-west and the other north- 
south. Consider also a target elevation @ and azimuth 
Gata slant range large compared to the base-line length. 
Let ¢@: and ¢2 be the phase difference angles from the 
two base lines, respectively. Then, 


2rb ; 
a= -—— (¢1cosB + g2sin a), (24) 
\ sin a 
2rb ' 
6 = —  (¢ising — ¢2 cosa). (25) 
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Setting o1=042=¢4, the rms deviations for a@ and B are 
go $ $ 


(26) 
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In practice, one would make one station common to 
the two base lines. In this case, the errors in the two inter- 
ferometers are 110 longer independent and it can be 
shown that optimum arrangement is to place the stations 
in an equilateral triangle. The errors are still given by 
Cowands(2 2h): 

The important result is that the accuracy of angular 
velocity measurements depends only upon the elevation 
angle of the target, not upon whether its direction is 
favorably situated with respect to one or the other of the 
base lines. At 5° elevation, the accuracy of the azimuthal 
rate would be 1.0 microradian per second and the meas- 
urement of elevation rate would be 3 microradians per 
second. 

It has been computed that, using a pair of interfer- 
ometers having 25-km base lines, a two-second obser- 
vation of a satellite of low orbital eccentricity passing 
to within 1000 km permits measurements of the position 
of any point on the orbit to within 10 km accuracy and 
the orbital period to within 10 seconds. The values of 
the accuracies of the positional measurements used were 
those of the Millstone radar, 0.15° accuracy in elevation 
and azimuth, 5 km in range. In fact, it appears that the 
radar positional measurements constitute the principal 
accuracy limit to the orbital measurements. 
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APPENDIX 


The predetection filtering used on the most recent 
experiments provides the theoretical limit in signal-to- 
noise ratios. This is accomplished by means of a Simo- 
ramic Analyzer,!? a clever device that uses recirculating 
delay lines to provide filtering that is continuous in fre- 
quency (rather than at discrete frequencies as in a 
Doppler filter bank). The phase recovery methods are 
similar in principle to those described, but the processing 
bandwidths must be thousands of times as great. Tests 
have just been completed in processing the receiver data 
in real time in the CG 24 computer at Millstone. The 
data so far indicate complete success in this method of 
processing. 
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New Techniques in Three-Dimensional Radar* 


MURRAY SIMPSON, MEMBER, IRE 


Summary—The definition and basic equations defining the per- 
formance of three-dimensional radar systems are given. In particular 
the parameters defining data rate for different classes of three- 
dimensional radar are analyzed. Three-dimensional radars are 
divided into three classes as follows: single beam-rapid scan sys- 
tems; multiple beam-scanning systems; and multiple beam-non- 
scanning systems. Each of these types is defined and compared in 
terms of important characteristics. It is shown that new developments 
in electronic scanning and multiple beam antennas have made 
feasible many of these new three-dimensional radar systems. A num- 
ber of the more important antennas and their method of utilization 
in the three-dimensional radar equipment are described. Examples 
are given of two types of three-dimensional radar that are typical of 
two classes of this equipment. Finally, some of the more important 
applications for modern three-dimensional radar equipment are 
noted. 


* Received by the PGMIL, January 24, 1961. 
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I. INTRODUCTION 


N recent years there has been a substantial amount 
of interest in the development of three-dimensional 
radar systems. The need for these systems has been 
made more apparent by the rapid increase in speed and 
other performance characteristics of airborne targets, 
such as high-speed aircraft, missiles, and satellites, as 
well as the continuing need in military areas for obtain- 
ing better search and track data on conventional artil- 
lery and mortar projectiles. Recent advances in the art 
of rapid scanning and multiple beam antennas, as well 
as better techniques in radar-data handling and process- 
ing have made the new three-dimensional radar systems 
feasible. 
A three-dimensional radar is defined as a system 
which can provide continuous information of three in- 
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dependent spatial coordinates, such as azimuth, eleva- 
tion and range, and in this manner identify the position 
of the target in space. This is contrasted to a conven- 
tional two-dimensional radar which provides continuous 
information on only two of these coordinates. The im- 
portant term in this definition of the three-dimensional 
radar is the word “continuous.” This implies that the 
spatial information on all targets within the volume 
covered by the radar be provided in a time interval 
which falls within the desired or required system-data 
rate. Thus, a conventional pencil beam-tracking radar 
would not fall within the definition of a three-dimensional 
radar by virtue of the fact that the time interval re- 
quired to cover a reasonable space volume, such as a 
hemisphere or a substantial portion thereof, would be 
far in excess of the maximum time permitted to obtain 
sufficient information on high-speed target coordinates 
in order to make use of this data for tracking purposes. 
This time interval, known as the data rate of a system, 
is an extremely important parameter which forms a 
basic part of the specification for any three-dimensional 
radar and frequently governs the specific design of this 
equipment. 

The other important parameters are those which are 
well known to the radar designer, such as radar range, 
transmitter power, beamwidth, accuracy and resolution, 
integration time, requirements for moving target indica- 
tion and/or target velocity data. 


II]. RapAR PARAMETERS 


In order to determine better the basis for design of a 
three-dimensional radar, it is desirable to review some 
of the basic equations governing radar performance. The 
basic radar equation! is 

P..G*ch? 
r == ; 5 
(40)?R! 
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where 


P,=power of radar receiver, 
P,=radar transmitter power, 
G=radar antenna gain, 
o = target cross section, 
\= wavelength, 
R=target range. 
For a specific radar system having a pulse width 7 and 
a total loss Z in the RF transmission line, as well as a 
receiver noise figure NF, the receiver signal-to-noise 
ratio is given by 
> 
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The probability of intercept, more commonly known 
as the blip scan ratio, is defined as the probability of 


17, N. Ridenour, “Radar Systems,” M.I.T. Rad. Lab. Ser., 
McGraw-Hill Book Co., Inc., New York, N. Y., vol. 1. 
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seeing a target on any one radar look. This derives from 
the fact that noise is a statistical parameter. Tied in 
very closely with the probability of intercept is the false- 
alarm rate. This is defined as the time interval before a 
noise pulse will exceed the signal plus noise for a particu- 
lar threshold setting of the radar receiver. Fig. 1 shows 
the relationship between the single-pulse probability of 
detection and the signal-to-noise ratio for nonfluctuating 
targets and for fluctuating targets for various false- 
alarm rates.’ 
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Fig. 1—Single-pulse probability of intercept vs SNR for various 
false-alarm rates. 


The data rate of the radar system is given by 
6X PRF 
“a VN 


(3) 


where 


é=antenna solid angle, 

PREF =radar pulse-repetition frequency, 
V =total solid-angle scan volume, 
N=number of pulses per look. 


The parameter 6 can be composed of a single antenna 
beam or the composite of a number of multiple antenna 
beams. The necessary antenna beamwidth @ is deter- 
mined by the required angular accuracy and resolution 
for the radar system, as well as by the range perform- 
ance as given by (1) and (2). In (3), it can be seen that 
for a given angular accuracy, the data rate can be in- 
creased either by reducing the scan volume or, preferably, 
by increasing the number of simultaneous beams in the 
radar system. The latter approach is most commonly 
used in three-dimensional radar. 


Ill. Tyres or THREE-DIMENSIONAL RADAR 


We will now consider the various general classes of 
three-dimensional radar systems which can be divided 
into three categories as follows: 


2W. Hall, “Prediction of pulse radar performance,” Proc. IRE, 
vol. 44, pp. 224-231; February, 1956. 
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Class 1: Single beam-rapid scan systems. 
Class 2: Multiple beam-scanning systems. 
Class 3: Multiple beam-nonscanning systems. 


A Class 1 system is similar to a conventional radar 
with the exception that the antenna beam can be 
scanned very rapidly over the required volume. This 
had not been possible until the advent of electronically 
scanned antennas, which made it possible to move the 
beam rapidly in either one plane or two planes without 
any mechanical motion of the basic antenna structure. 
Section IV of this paper will describe in more detail dif- 
ferent types of antenna systems which satisfy this re- 
quirement. 

The major limitation in the Class 1, three-dimensional 
radar derives from limitation on data rate, as given in 
(3). It can be seen that this system is most readily ap- 
plied to shorter-range applications where the PRF can 
be made high and also where the number of pulses re- 
quired to be integrated is small. Otherwise, the data 
rate tends to suffer and the system can no longer be 
considered a true three-dimensional radar. As indicated 
above, the electronic scan can exist in one plane, such 
as in the height-finder application in which the beam is 
scanned electronically in elevation, while the azimuth 
scan is obtained by normal mechanical rotation of the 
antenna. Alternatively, the system can be designed so 
that the beam is scanned electronically in both azimuth 
and elevation by means of one of several types of two- 
dimensional electronic-scan antennas described in Sec- 
tion IV. 

A Class 2, three-dimensional radar makes use of a 
multiplicity of simultaneous beams in one plane, the 


entire group of which is scanned in the orthogonal plane.. 


A block diagram of a system of this type is shown in 
Fig. 2. The necessary data rate in a Class 2, three- 
dimensional radar is obtained by setting the value of 6 
in (3) equal to the total solid angle of m beams in the 
antenna, as shown in Fig. 2. Thus, all other conditions 
being equal, the data rate of the system is equal to ” 
times that of a Class 1 system while, at the same time, 
the accuracy and resolution is given by 6/n, or the beam- 
width of an individual beam in the system. It can be 
seen from Fig. 2 that separate receiver channels are pro- 
vided for each of the beams of the antenna. Thus, it is 
not only necessary to provide parallel beams in the 
antenna, but also a set of m channels in the receiving sys- 
tem. The number of transmitters employed in this 
system may range anywhere from one to n, depending 
on the required performance and degree of allowable 
complexity. 

It is interesting to note in Fig. 2 that a requirement 
exists for a beam selector. This is due to the fact that 
it is necessary to determine in which of the 2 beams and 
receivers the target or targets are being received. This 
differs from a Class 1 radar in which this information is 
obtained primarily by the scanning information which 
continuously provides an indication of the beam position 
in space. 
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A typical technique that is employed for beam selec- 
tion for systems of this type is shown in Fig. 3. A set of 
three adjacent beams are indicated, namely, V, N—1, 
and N+1. These beams are generally designed to over- 
lap at the 3-db point. The circuit is designed so that an 
attenuated output (approximately 10 db) for each of 
the three beams is given by AN, A(N—1),and 4 (N+1). 
In the system described, it is possible to provide infor- 
mation of target position corresponding to the center of 
the beam, known as the peak region, and midway be- 
tween two adjacent beams, known as the junction re- 
gion. In other words, twice as many possible target posi- 
tions exist as there are numbers of beams. Further cir- 
cuit refinement can provide additional possible target 
positions. Thus, a target would be registered at the peak 
position at beam WN if the output of the AN channel 
exceeded the output of the V+1 and N—1 channels. 
If the outputs are received in VN and N+1 channels, but 
do not satisfy the requirements for registration in the 
peak of either of these two beams, they are automati- 
cally assigned to the junction region. In this manner, it 
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Fig. 2—Typical multiple-beam radar system. 
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is possible to identify instantaneously the position of 
targets within the multiple-beam complex on a pulse-by- 
pulse basis, without the necessity for beam scanning. 

It should be noted that the system requires gain sta- 
bility in the parallel receiver channels in order to prevent 
errors in beam selection. The receivers used in a system 
of this type are normally logarithmic in order to provide 
the necessary dynamic range. In addition, they must be 
closely matched to a tolerance of approximately 1 db in 
order to minimize positional errors. 

Although the normal Class 2 radar system provides 
antenna beams which are spaced approximately 1 beam- 
width apart, in order to provide solid coverage over the 
angle 0, there have been systems designed which com- 
bine Class 1 and Class 2 operations by means of sepa- 
rating the beams by a number of individual beam- 
widths and scanning electronically in the plane of the 
beams, as well as in the orthogonal plane. This type of 
design is desirable where the required individual beam- 
width is extremely small and it is simply not feasible to 
provide a total number of separate beams spaced one 
beamwidth apart to cover the required angle 0. 
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IV. ANTENNA SYSTEMS FOR 
THREE-DIMENSIONAL RADAR 


It has been indicated that the feasibility of three- 
dimensional radar has been determined to a large extent 
by the development of electronically scanned and mul- 
tiple-beam antennas. This has been made possible by 
the ability to move a radar beam orders of magnitude 
more rapidly than could be accomplished by the me- 
chanically rotating mounts that are used with conven- 
tional radar antennas. The technique that is employed 
in electronic scanning is actually based on the early 
principles used in directive antenna arrays. 

As seen in Fig. 4(a), a pair of radiating sources fed 
from a common transmitter can be made directive at the 
angle 6, providing the phase of one element with respect 
to the other is set at 6=2md/X sin 0, where d is the 
spacing between elements and A is the wavelength. This 
can readily be extended to n radiating elements of a 
linear array. For the series-fed array in Fig. 4(b) the 
phase at each element is given by 


; . r or m m—1 
. A’ Glass’ 3, three-dimensional radar is composed of é = 2) dsnd = So (4) 
simultaneous beams which do not require any scanning ae ee ee 
TABLE I 
ae Rat Volume of Antenna Receiver Transmitter 
Rags Coverage Complexity Complexity Power Capability 
Class 1 low medium medium low low to high* 
Class 2 medium high medium medium medium 
Class 3 high low high high high 


* Depending on specific configuration; ?.c., whether a single transmitter is used for entire system, or individual amplifiers for each element 


of antenna. 


over the required coverage volume. Fig. 2 can be used to 
illustrate a Class 3 radar, with the understanding that 
the m beams exist simultaneously over the required cov- 
erage volume, generally in two dimensions. This type of 
antenna coverage can be provided by several types of 
antennas described in Section IV. Although Class 3 
radar provides maximum data rate, since for this system 
6= V in (3), it also involves the greatest system com- 
plexity, since it obviously requires a very large number 
of beams and receiver channels and, possibly, trans- 
mitter channels for a reasonable accuracy requirement. 
Class 3 radars have found particular application for re- 
quirements where the total radar coverage volume V is 
limited so that the resultant number of beams is not 
too unreasonable. This system is also often used in com- 
bination with Class 2 radar. In this case, a two-dimen- 
sional cluster of beams is scanned through the total 
coverage volume V. The value of 6 in (3) is then deter- 
mined by the total solid-angle coverage of the two- 
dimensional beam cluster. 

A comparison of the important characteristics for the 
three classes of three-dimensional radar is given in. 
Wablewk: 
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Two-element series-fed array. 
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For equal spacing between elements, this reduces to 


2rd | : 
— sin 0. (5) 
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For relatively long arrays (in wavelengths), the beam- 
width is approximately equal to \/d radians, depending 
on the amplitude distribution. In order to avoid grating 
lobes in spurious directions, it is necessary to maintain 
spacing between elements approximately 4/2 or less. 

It can be seen from the above discussion that in order 
to obtain electronic scanning of the antenna beam, it is 
simply necessary to vary electronically the phase at 
each radiating element. This can be done in various 
ways. Perhaps the most straightforward technique for 
varying the phase is simply to change the frequency of 
the transmitter, since the phase at any point in an RF 
transmission line is proportional to frequency.’ This will 
produce a phase variation at each element given by 
Af(L/X), where Af is the proportional frequency change 
and L is the length of transmission line between radiat- 
ing elements. An array of this type is known as a fre- 
quency-scanned linear array, in which the rate of scan 
is determined by the rate of frequency change, which 
can be made as high as desired by the use of electroni- 
cally-tunable transmitting tubes. 

The system shown in Fig. 5 makes use of this princi- 
ple in combination with a set of orthogonal phase shift- 
ers ¢1—@n, to produce a two-dimensional phase-fre- 
quency, electronically-scanned radar system. The linear 
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Fig. 5—Phase-frequency electronically-scanned radar system. 


8H. Shnitkin, “Survey of electronically scanned antennas,” 
Microwave J., vol. 3, pp. 67-72; December, 1960. 
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arrays that are used in this system are known as serpen- 
tine arrays, due to the fact that the transmission lines 
wind around between radiating elements in order to 
produce a high L/A ratio, thus providing the desired 
phase sensitivity for relatively small-frequency change. 
The set of 2 arrays make up the complete antenna. The 
phase shifters $1 to ¢, are connected at the input of each 
array, and provide beam scanning in the orthogonal 
plane to that produced by the frequency change. The 
phase-shifting elements that are employed in this system 
are ferrite devices whose phase is a function of the mag- 
netic field applied to the ferrites. Thus, in the system 
shown in Fig. 5, beam scanning in the horizontal plane is 
provided by the frequency-scanning transmitter, while 
independent beam scanning is provided in the vertical 
plane by the change in magnetic field determined by the 
antenna-beam computer. The position of the beam 
must, therefore, be determined by noting the specific 
transmitter frequency and the ferrite-field current. Lim- 
itations of this type of system are caused by the neces- 
sity to provide very accurate calibration of the ferrite 
phase as a function of current (a quantity which is gen- 
erally highly sensitive to temperature), as well as the 
necessity to make use of a relatively broad-frequency 
band in the transmitter, thus occupying a substantially 
larger spectrum than would be required for the normal 
radar-pulse width. 

An alternative system is shown in Fig. 6. In this case, 
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Fig. 6—Phase-phase electronically-scanned radar system. 


“* H. Shnitkin, “Survey of electronically scanned antennas,” 
Microwave J., vol. 4, pp. 57-64; January, 1961. 
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the system is a three-dimensional phase-phase electroni- 
cally-scanned radar. In this system, phase shifters are 
employed in each element, thus making a total of mn- 
phase shifters for the total antenna. The transmitter 
can operate at fixed frequency, thus removing one of the 
limitations of the phase-frequency system of Fig. 5. The 
principal disadvantage of the phase-phase system, how- 
ever, is the very large number of phase shifters: re- 
quired. Various modifications in the phase-phase sys- 
tem have been developed. Among these are the use of 
amplifier tubes between the phase shifters and the 
radiating elements, providing the ability to obtain ex- 
tremely large total-power output from the system. 
Other systems make use of heterodyning techniques in 
which the phase shift is provided at low frequency, 
thereby eliminating the use of microwave phase-shifting 
elements, such as ferrites, which are subject to stringent 
calibration restrictions. Both of the above systems fall 
into the general category of Class 1, single beam-rapid 
scan systems. 

A number of different antennas have been developed 
for multiple beam, Class 2 and Class 3, three-dimen- 
sional radar systems. Perhaps the oldest and most 
widely used of these antennas is the so-called stacked- 
beam antenna, in which several individual feed elements 
are installed in the vicinity of the focal point of a para- 
bolic reflector. Each of the feeds produces an independ- 
ent beam whose position in space is a function of the 
displacement of the feed from the true focus. The num- 
ber of beams in this type of system is limited as a result 
of the rapid deterioration of the beam shape as it is dis- 
placed from the focal point. 

An antenna system which has found wide use in three- 
dimensional radar is shown in Fig. 7. This makes use of 
the well-known Luneberg lens. The Luneberg lens is a 
spherical antenna, composed of dielectric material, with 
a dielectric constant which is inversely proportional to 
its position from the center of the sphere. This gives the 
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Fig. 7—Multiple-beam Luneberg lens radar system. 
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lens the capability of focusing into a parallel wave front 
an incident radial wave provided by a radiating element 
at the opposite end of any diameter through the lens. As 
shown in Fig. 7, it is therefore possible to install a large 
number of feeds around the circumference of the lens, 
each of which produces an independent antenna beam. 
Individual receivers may be connected to each of the 
feeds which are, in turn, coupled to a single transmitter, 
or, as shown in Fig. 7, individual transmitters may be 
used to provide a total power output equal to n7. The 
system can be designed as a Class 2 radar by mechani- 
cally scanning the feed system in the orthogonal plane, 
or it can be designed as a Class 3, three-dimensional 
radar by arranging separate feeds in two dimensions 
around the circumference of the Luneberg lens. 

Another multiple-beam system that has been de- 
veloped by the Sanders Corporation is shown in Fig. 8. 
In this system the multiple beams exist in the RE- 
CEIVE ONLY mode. A set of tapped delay lines follow 
individual IF amplifiers which, in turn, are connected to 
each receiving element of the antenna array. Separate 
beams are produced by properly connecting the taps of 
the individual delay lines corresponding to the desired 
wave front of each beam. The signal is then brought toa 
high level by providing an amplifier for each of the 
beams. The principal disadvantages of this type of sys- 
tem are the requirement for individual amplifiers at 
each receiving element of the array, and the necessity 
for the maintenance of phase stability in each amplifier. 
The system must also make use of a separate transmit- 
ter which may or may not have multiple beams. The ad- 
vantage of this type of system is the relatively straight- 
forward means for obtaining a very large number of an- 
tenna beams by the use of delay lines which can be 
readily designed at IF frequencies. 

An interesting new antenna system that has been de- 
veloped at Maxson by Dr. J. Blass is shown in Fig. 9. 
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Fig. 8—Delay line multiple-beam radar system. 
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This antenna, known as the series-fed, multi-directional 
antenna, is composed of completely passive transmis- 
sion-line elements connected in matrix form with direc- 
tional couplers at each of the junction points between 
the vertical-beam lines and the horizontal-element lines. 
The direction of each beam is given to the first order by 
(6) and is determined by the geometric position of each 
beam line. 

d 


d 
Sin) = — [sec 8+ tan | 


6) 
dg 2d \ 


Separate receivers and transmitters may be connected 
to each of the beam line outputs, thus providing either a 
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Fig. 9—Series-fed multidirectional antenna radar system. 
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Fig. 10—Class 1, phase-frequency electronic-scan radar system. 
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Class 2 or a Class 3, three-dimensional radar system. 
The principal advantage of this type of system is the use 
of completely passive elements which determine beam 
direction and shape. Thus, the major characteristics of 
the radar beams will not change as a result of electronic 
element deterioration. In addition, in this system the 
number of receivers required is, at most, equal to the 
number of beams, rather than the number of elements 
in the antenna. The power-handling capacity of the 
system is determined by the power-handling capacity of 
the transmission line used and by the directional 
couplers. This system lends itself particularly well to 
applications where long arrays and large numbers of 
beams are desired. 

Another type of linear array, multidirectional antenna 
arranged in a parallel-feed structure has been designed 
making use of hybrid elements in a corporate-feed net- 
work. 


V. EXAMPLES OF THREE-DIMENSIONAL 
RADAR SYSTEMS 


Two typical examples of three-dimensional radar 
systems developed at Maxson are given below. The 
first system is a Class 1, three-dimensional radar similar 
in design to that shown in Fig. 5, namely, a phase- 
frequency electronic scan system. An artist’s sketch of 
the complete system is shown in Fig. 10. 


Fig. 11—Ajir-height surveillance radar HRAS-1. 
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The antenna is seen to be a two-dimensional linear 
array in which electronic scanning in azimuth is ob- 
tained by frequency change, while electronic scan in ele- 
vation is provided by change in the magnetic field of 
ferrite phase-shifter elements. Transmitter, receiver, 
computer and indicator equipment is contained in the 
van. The antenna forms part of one side of the van and 
is permanently fixed to the structure. 

An example of an important application of a Class 2, 
three-dimensional radar system is shown in Fig. 11. This 
is a photograph of the Maxson Air Height Surveillance 
Radar system, developed for the Federal Aviation 
Agency, and installed at their Bureau of Research and 
Development’s facility in Atlantic City, N. J. This sys- 
tem is based on a design shown in Fig. 9. The tower 
shown in Fig. 11 is 168 feet high and contains a series- 
fed, multidirectional antenna providing 110 beams in 
the elevation plane, 0.5° to 40°. A large part of these 
beams are 3 mils wide at the 3-db point, and provide the 
capability for resolving two aircraft in the same range 
/azimuth sector, located 1000 feet apart in altitude at 
a range of 50 nautical miles, as well as providing a 
+500-foot altitude accuracy. 

The system shown is passive and obtains its radiation 
from a standard FAA, ASR radar which provides azi- 
muth and range information. The AHSR equipment 
provides the third-altitude dimension. The electronics 
equipment, consisting of 110 receiver channels, beam 
selector, height computer and three-dimensional indi- 
cator, are located in the adjoining electronics building. 
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This system is presently undergoing flight-test evalu- 
ation. 


VI. CoNCLUSIONS 


The principal approaches used in the design of three- 
dimensional radar systems have been described. Un- 
fortunately, it has not been possible in this survey to go 
into great detail regarding the design characteristics of 
each type of system. It is hoped that the information 
presented above will provide a good indication of the 
different approaches that can be used for three-dimen- 
sional radar systems. It is expected that, more and more, 
the modern radar equipments will fall into one of the 
above categories, and thus provide a substantial in- 
crease in performmance over existing conventional two- 
dimensional equipment. 

Some of the more important application areas for 
three-dimensional radars are for use in air-traffic con- 
trol, artillery and mortar lecation, missile-range instru- 
mentation, ballistic-missile detection and tracking and 
satellite surveillance and tracking systems. Many of 
the systems described above lend themselves. particu- 
larly to uses in which very large antenna systems are 
required. In such cases, it is often impractical to con- 
sider mechanical rotation in more than a very limited 
sense for the antenna. Therefore, it is imperative that 
either electronic scan or multiple-beam systems be pro- 
vided. Substantial strides can be expected in the coming 
years in the further development and application of 
three-dimensional radar systems. 
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Recent Advancements in Basic Radar Range Calculation Technique” 


L. V. BLAKE}, SENIOR MEMBER, IRE 


Summary—A procedure for radar range calculation is described, 
reflecting current knowledge of the effects of external natural noise 
sources, atmospheric-absorption losses, and the refractive effect of 
the normal atmosphere. The range equation is presented in terms of 
explicitly defined and readily evaluated quantities. Curves and equa- 
tions are given for evaluating the quantities that are not ordinarily 
known by direct measurement. Some conventions are proposed for 
use in general radar range calculation, including an antenna-noise- 
temperature curve, minimum-detectable signal-to-noise ratio 
(“visibility factor”) curves, and a formula for the reflection coefficient 
of a rough sea. A noise-temperature table and a work-sheet for range 
calculation are included in the Appendix. 


INTRODUCTION 


HE technique of radar maximum range calcula- 
flee has been refined by taking into account the 

developments of recent years relative to external 
natural noise sources, absorption loss in the atmosphere, 
and normal atmospheric refraction. In the evolution of 
this technique, the need became apparent for certain 
standardized assumptions, or conventions, for use in 
general radar range calculation, especially for military 
contractual purposes. Some conventions are proposed 
here for interim use pending possible adoption of official 
ones by the armed services. Another need is for explicit 
definition of the range-equation quantities. An attempt 
is made here to meet that need, and to present the equa- 
tion in terms of quantities that are readily evaluated, 
either by direct measurement or by the use of auxiliary 
equations and curves. 

The details of the procedure are presented in terms 
of conventional surface-based pulse-type monostatic! 
search radar, in the frequency range from about 100 to 
10,000 megacycles. However, the calculation method is 
applicable to radars of other types, usually with minor 
modification if any. 

The range calculated by the method to be described 
is termed basic because, while it is a starting point for 
calculations of more complete operational significance, 
it does not fully take into account some factors that are 
operationally important, such as clutter echoes, jam- 
ming signals, and certain aspects of signal fluctuation. 

Here the explanation given of many matters is brief 
and incomplete, the emphasis being on outlining the 
method for engineering use rather than on its theoreti- 
cal and experimental justification. Some of the latter is 
furnished by the references, and a Naval Research 
Laboratory report containing detailed explanation is 


* Received by the PGMIL, January 17, 1961. 

+ Naval Research Lab., Washington, D.C. 

1 Monostatic means that transmitting and receiving antennas are 
at the same location; a bistatic radar is one in which they are fairly 
widely separated. 


being prepared. An informal NRL report (not generally 
available) presenting this method of range calculation 
was issued in November, 1960. 


RANGE EQUATIONS 


The fundamental radar transmission equation may be 
found in standard texts such as that of Kerr [Sj Bor 
practical calculation, expansion of this equation is re- 
quired. An excellent practical equation for pulse radars 
is the one given by Norton and Omberg [4]. This equa- 
tion is used here with slightly modified notation, and 
with all the constants and unit-conversion factors 
gathered into a single numerical factor: 


Pane ned eee | tf 
Iu ol eViocse Cae: 


R50 ~~ 129.2 | (1) 


The symbols are defined briefly as follows: 


Rs) =range in international nautical miles, 0.5 
probability of detection 
F=pattern-propagation factor 
P,=transmitter pulse power in kilowatts 
T ysee = pulse duration in microseconds 
G,, G,= power gain factors of transmitting and re- 
ceiving antennas 

50(sq.m.) = Median radar cross section of target in 

square meters 

fme=radar frequency in megacycles 

T,, =effective receiving-system noise tempera- 
ture in degrees Kelvin 

Vo0) = visibility factor for optimum receiver pre- 

detection bandwidth and 0.5 probability of 
detection; ratio of minimum-detectable re- 
ceived pulse energy to noise power per unit 
bandwidth, both quantities referred to re- 
ceiver input terminals 

Cp =non-optimum-bandwidth correction factor 

L=system loss factor. 

This equation may also be expressed in a decibel- 
logarithmic form which is convenient for numerical cal- 
culation. Quantities expressed in decibels have the sub- 
script “db.” All other quantities are as defined in (1). 
Logarithms are to the base 10. 


1 
Rs) = 100F - antilog E js SLOOP sce) 
+ 10 log Tysee + Gecany + Grab) 
+ 10 log oso(sq.m.) — 20 log fare — 10 log T, 


— Vo(60) (ab) — Cacar) — Lat | (2) 
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The international nautical mile is 1.852 kilometers ex- 
actly, or approximately 1.1508 statute miles and 6.0761 
thousand feet. If the range is desired in any of these 
other units, the factor 129.2 in (1) should be multiplied 
by the appropriate one of these conversion factors Ce); 
and the quantity 4.45 in (2) should be increased by 40 
log C. 

The statistical aspect of detection imposed by the 
fluctuating nature of noise and by fluctuations of the 
target cross-section is recognized by denoting the range 
for a specified probability of detection and, when ap- 
propriate, a specified false-alarm probability. It has be- 
come virtually conventional to cite the range for 0.5 
probability of detection, here designated Rs. The false- 
alarm probability concept is usually applied only to 
automatized-detection radars. Following Hall [10], a 
conventional value of 10~!° is suggested. The stated 
probability of detection applies to a time period equal 
to the effective integration time of the observer or auto- 
matic detection device. The false-alarm probability ap- 
plies to a time interval approximately equal to NV times 
the reciprocal of the receiver predetection bandwidth, 
where N is the number of pulses integrated. (Here and 
in the following, the video bandwidth is assumed to be 
adequate, 7.e., approximately equal to or greater than 
the predetection bandwidth.) When the effective inte- 
gration time is less than the scan period of a scanning 
search radar (as is true of many long-range radars), 
Rso is called the range of 0.5 blip-scan ratio. 

Statistical notation is also applied to the target cross- 
section and to the visibility factor. Although the use of 
the values g59 and V5 does not rigorously insure calcu- 
lation of exactly Rso, the error, if any, is small in most 
practical cases. 


DEFINITION AND EVALUATION OF 
RANGE-EQUATION FACTORS 


Me tactorsel 76, Gy. Gr, O50, and iye may be pre- 
sumed known from measurement. For some of these 
quantities, however, there is more than one possible 
definition. A set of definitions believed to be mutually 
compatible will be given. Aids to evaluating the factors 
Tn, Vowoy, Ca, L, and F will be presented. 


TRANSMITTER POWER AND PULSE DURATION (P14, 7) 


The product P:7 represents the pulse energy, which is 
the time integral of the pulse power envelope, at the 
transmitter output terminals. The pulse power is 


Piz 
W (t)dt, (3) 


T J _7T/2 


where 7 is the pulse period and W(¢) is the pulse power 
envelope, excluding any nonuseful portions such as 
spikes and tails. It is evident that any definition of 7 
will give correct results if the same definition is used in 
(1) or in (2) and (3). The customary definition is the 
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duration of the pulse between half-power points of the 
envelope. (This definition is also used in connection with 
evaluating the bandwidth-correction factor Cz.) 


ANTENNA GAIN Factors (G,, G;) 


The antenna gains G, and G, are both defined, on a 
transmitting basis, as the ratio of the power density 
radiated in the maximum direction to that, at the same 
range, of an isotropic antenna radiating the same total 
power. If the antenna gain is measured in terms of power 
input rather than power radiated, the resulting figure 
must be increased by the ratio of the input power to the 
radiated power to preserve compatibility with the defi- 
nitions of the loss factor L and the noise temperature 7°). 


RADAR CROSS-SECTION OF TARGET (050) 


The radar cross-section definition is the standard one 
given by Kerr [8] and others. The dependence of the 
cross-section on geometric properties of the target is dis- 
cussed by Norton and Omberg [4], Ridenour [5], Kerr, 
and numerous others. As previously stated, ¢59 denotes 
the median value when the target cross-section fluctu- 
ates. Measured cross-sections are sometimes quoted as 
the median and sometimes as the mean value, and oc- 
casionally other percentile values have been used. It is 
recommended that the median be adopted as standard. 
The value one square meter is conventional for assess- 
ing the relative range performance of radar systems 
when no specific target is stipulated. The target fluctua- 
tion characteristics (probability distribution, spectrum) 
are of importance in operational analysis of radar range 
performance, but are not needed for the basic type of 
range calculation considered here. 


NoIsE TEMPERATURE (7°) 


The receiving-system noise temperature 7, is a fic- 
titious temperature that expresses noise power available 
at the receiver output as an equivalent available 
power density at the input terminals of the receiver. 
This power density is kT, watts per cycle of bandwidth, 
where & is 1.38 10-7? (Boltzmann’s constant). (The 
total effective input power is this density multiplied by 
the noise bandwidth of the receiver.) The total noise 
temperature 7°, is the sum of contributions from: 
1) external radiating sources, 2) thermal noise due to 
receiving-transmission-line losses, and 3) internal re- 
ceiver noise. Each of these three sources is ascribed a 
noise temperature, termed respectively antenna noise 
temperature 7,, receiving-transmission-line noise tem- 
perature 7’, and effective receiver noise temperature 
T.. The temperatures are additive, except that the 
antenna-noise attenuation by the transmission-line loss 
factor L, must be taken into account. Therefore, 


IR ieee RS IO ad Aad be (4) 
The antenna noise temperature 7, is dependent in a 


somewhat complicated way on the effective noise tem- 
peratures of various radiating sources within the re- 
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ceiving pattern of the antenna (including sidelobes and 
backlobes). However, 7. is not directly dependent on 
the antenna beamwidth and gain. Therefore, it is pos- 
sible to calculate an antenna temperature which is ap- 
proximately applicable to any typical radar antenna as 
a function of frequency. In the microwave region, how- 
ever, where the thermal noise due to atmospheric ab- 
sorption is dominant, 7. is also a function of the length 
of the path in the atmosphere traversed by the beam 
center, and hence of the beam elevation angle (but not 
of the target elevation angle, per se). 

Curves of antenna temperature are shown in Fig. 1, 
calculated for the following conditions judged to be 
typical: 1) average cosmic noise (which actually varies 
greatly with beam direction, but not in a manner ex- 
pressible in geocentric coordinates [11]; 2) sun noise 
temperature 10 times the quiet level, with the sun as- 
sumed to be viewed in a sidelobe of unity gain; 3) a cool 
temperate-zone atmosphere; 4) a contribution of 36°K 
from ground radiation, which would result (for example) 
if a ground of blackbody temperature 290°K were 
viewed over a 7-steradian solid angle by sidelobes and 
back-lobes averaging 0.5 gain (—3 db). This ground- 
noise contribution, independent of frequency, elevation 
angle, and beamwidth, is the most arbitrary of the as- 
sumptions. It can be justified as a general assumption, 
but if in a specific case it is not justifiable, the value of 
T, given by the curve may be corrected by adding or 
subtracting an appropriate amount. The dashed curves 
are for maximum and minimum cosmic and atmospheric 
noise. Although the solid curves may thus not be correct 
for every operational condition, they are believed to be 
suitable as a convention for general range calculation.” 

The receiving-transmission-line noise temperature 7’, 
is related to the power loss factor L; and to the thermal 
(kinetic) temperature of the line 7’, by the formula 


T, = T.(1 — 1/L,). (S) 


The loss factor L, represents all available losses preced- 
ing the receiver input terminals, including those in the 
antenna system. It has a multiple role in the range cal- 
culation. As indicated by (4), it attenuates the antenna 
noise, and in accordance with (5) it results in generation 
of thermal noise. It also attenuates the radar echo sig- 
nal. The definitions given for G,, 7, and 7; are designed 
to allow a single definition of Z, in these three roles. 

If various lossy components of the transmission-line 
system operate at appreciably different thermal tem- 
peratures, 7’, must be computed from a cascade formula. 
A suggested conventional value for 7; is 290°K, appli- 
cable except when the transmission line or some of its 
components may be expected to operate at considerably 
above or below ambient temperature. 


2 A Naval Research Lab. report discussing the details of the as- 
sumptions and method of calculating these curves is in preparation. 
Also, Hansen [15] and Hogg and Mumford [17] have published 
excellent reviews on antenna-temperature calculation. 


IRE TRANSACTIONS ON MILITARY ELECTRONICS 


April 


TO 


TL 


TA 


ANTENNA NOISE TEMPERATURE (DEGREES KELVIN) 


sea iitt 


Ua eee 


BEAM ELEVATION ANGLE (DEGREES) 


10 


+ apes 
500 70O 1000 2000 3000 5000 10,000 
FREQUENCY (MEGACYCLES) 


Fig. 1—Antenna temperature for typical conditions. Dashed curves 
are for maximum and minimum cosmic and atmospheric noise. 


The effective receiver noise temperature 7, is related 
to the receiver noise factor, NF (IRE Standard 53 
IRE 17.S1),° by the formula 


T. = (NF —-1)T,, (6) 


where 7, =290°K, the reference temperature for noise- 
factor measurement. 


VISIBILITY FACTOR (V2(50)) AND BANDWIDTH 
CORRECTION FACTOR (Cz) 


The visibility factor is a specialized form of the mini- 
mum detectable signal-to-noise ratio, for specified proba- 
bility of detection. It is expressed here as the product of 
the optimum-bandwidth value Veo) and a bandwidth- 
correction factor Cg. It is a function of the number of 
pulses integrated. Values for the case of a human ob- 
server of a cathode-ray-tube indicator, based on World 
War II experiments at the M.I.T. Radiation Labora- 
tory [3], [7], are given by Figs. 2 and 3. The equation 
for the number of pulses integrated by a non-scanning 
radar is 


N — PRE -t;, (7) 


where PRF is the radar pulse rate and f; is the effective 
integration time. The characteristics of the integrator 
determine ¢;. Its value for electronic storage or delay de- 
vices can usually be assessed readily, but it is difficult to 
assign a numerical value for the combination of a human 


3 “Standards on receivers: Definitions of terms, 1952,” Proc. IRE. 
vol. 40, pp. 1681-1685; December, 1952. 
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Fig. 2—Visibility factor Vo@oav for type-A cathode-ray-tube display, 
based on M.1.T. Radiation Lab. (pre-1946) experiments [3], [7] 
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Fig. 3—Visibility factor V.¢oan for PPI cathode-ray-tube display, 
based on M.1.T. Radiation Lab. (pre-1946) experiments [3], [7]. 


observer and cathode-ray tube. This problem is by- 
passed in Fig. 2 by employing the PRF directly as the 
variable. Fig. 3 may be used for scanning radars without 
exact knowledge of ¢; when it can be assumed that f; is 
shorter than the scan period and longer than the inter- 
val required for the beam to traverse the target. In this 
case the number of pulses integrated is taken to be the 
number occurring while the target is within the half- 
power limits of the (one-way) antenna pattern during a 
single scan. 

M.L.T. Radiation Laboratory experiments during 
World War II indicate [3], [7] that ¢, may be as great 
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as 6 to 10 seconds for highly trained observers, but many 
experienced radar engineers feel that a somewhat shorter 
time is probably characteristic of the average observer. 
It is suggested that a more conservative value, t;=2 
seconds, be assumed for conventional range-calculation 
purposes. Thus, for example, if a radar scans in azimuth 
at a rate faster than 30 revolutions per minute (RPM), 
some scan-to-scan integration should be assumed, and 
the number of pulses integrated would be the number 
occurring per beamwidth per scan multiplied by 
RPM /30. 

The number of pulses thus computed may be used in 
connection with Fig. 3 to determine a value of Vo¢60), 
in decibels, applicable to (3) when a PPI (or any simi- 
lar intensity-modulated cathode-ray-tube display) is 
used with a scanning radar and a human observer, with- 
out other integrating devices. (Generally, supple- 
mentary integrators improve the visiblity factor only if 
they have a longer effective integration time than that 
of the human observer, or if they operate as predetec- 
tion integrators.) The leveling-off of the curves at very 
low values of Veo) is attributed to the limited contrast 
discernibility of the human eye-brain combination 
[3], [7]. 

Figs. 2 and 3 represent, implicitly, some unstated 
value of false-alarm probability. Therefore, these two 
curves are proposed as conventions (rather than as pre- 
cise values) for use in calculating the range of radars 
that use cathode-ray-tube indicators and human ob- 
servers. Experience with these curves indicates that the 
calculated ranges are in reasonable agreement with ex- 
perimental results. 

The bandwidth correction factor has been determined 
as an empirical formula by Haeff and others [2] and in 
the form of curves by Lawson and Uhlenbeck [3], [7]. 
These empirical results differ from results of purely 
theoretical analysis, presumably [7] because of certain 
characteristics of the human eye-brain combination. 
Haeff’s formula (which is in general agreement with the 
Lawson-Uhlenbeck results), modified to reflect the find- 
ing that optimum bandwidth is 1.2/7, is 


Br tee 
C= (3 +) 
4.8 Br 


Decibel values of Cg based on this formula are given by 
Fig. 4 in terms of the ratio of the actual bandwidth B 
to the optimum value, Boy:=1.2/7. This assessment of 
the optimum value [7] is based on definition of band- 
width and pulse length as the half-power values, and 
on the conditions that the pulse is approximately 
rectangular and that the receiver has a conventional 
double-tuned IF amplifier, or one with similar pass 
band shape. It is further restricted to the case of detec- 
tion by a human observer of a conventional cathode- 
ray-tube indicator. 

For automatized radar detection curves of minimum- 
detectable signal-to-noise power ratio, defined at the 


(8) 
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Fig. 4—Empirical curve for bandwidth-correction factor as a func- 
tion of ratio of actual predetection bandwidth B to optimum 
value Bopt=1.2/>. 


detector input terminals, may be calculated, as exempli- 
fied by the work of Marcum [18]. Curves of this type 
calculated by the author, following methods described 
by North [1], are shown in Fig. 5. They are for a fixed- 
threshold-level decision-making device, preceded by a 
linear-rectifier detector and a perfect-memory linear 
video integrator. The N pulses integrated are assumed 
to be of constant amplitude. The quantity represented 
by these curves may be called detectability factor Dso 
to distinguish it from the visibility factor. D5o is a power 
ratio, defined at the detector terminals: rather than at 
the receiver input terminals. The selective circuits of 
the receiver intervene. North [1] has shown that if the 
receiver pass band transfer characteristic “looks like 
the conjugate of the spectrum of the echo at the an- 
tenna,” Vo) and Dso are equal, but otherwise they are 
not. In general, 


(9) 


where m=1 may be called a matching factor. Thus the 
curves of Fig. 5 may be used with (1) by applying (9). 
The values of Cp given by (8) and Fig. 4 do not apply in 
general for automatized detection. Lawson and Uhlen- 
beck [7 |‘ have analyzed these matters for certain spe- 
cific cases (though not in the terminology employed 
here). 

If perfect predetection integration were assumed, 
each curve would have the same value shown in Fig. 5 
for N=1, denoted Dsoap)(1) but would follow the law 


Deoiapy N) = Deoiavy(l) —10 log NV. (10) 


V o(50) = mDs0, 


Loss FACTORS 


Loss factor is defined as the ratio of the power input 
to the power output of the lossy element of the system 
(i.e., reciprocal of gain). The general loss factor L is the 
product of numerous specific loss factors, certain ones of 


4 Reference [7], pp. 204-210. 


IRE TRANSACTIONS ON MILITARY ELECTRONICS 


DETECTABILITY FACTOR (DECIBELS) 


a ee i Ht 


2 3405 6 8 10 20 304050 70 100 200 300 500 1000 2000 


NUMBER OF PULSES INTEGRATED 


Fig. 5—Detectability factor Dsocai) calculated for a linear-rectifier 
detector, followed by a perfect-memory linear video integrator 
and a fixed-threshold-level automatized-detection device, for 
several values of false-alarm probability Pya. 


which are generally present. (Lan is of course the sum of 
the component loss factors expressed in decibels.) 

The factor L,; accounts for the total transmission-line 
loss that occurs during transmitting, between the trans- 
mitter output terminals and radiating surfaces of the 
antenna. The factor L, is the transmission-line loss on 
reception, analogously defined (but not necessarily 
equal to L,). However, L, is the so-called available 
loss,®> or ratio of available power at the antenna to 
available power at the receiver input terminals, whereas 
L, is the actual loss (ratio of actual transmitter output 
power to power radiated by the antenna). Available 
power is that which would be delivered to a matched 
Joad impedance (complex conjugate of source imped- 
ance). 

Ly, the antenna-pattern loss factor, accounts for the 
fact that the gain of a scanning antenna, in the target 
direction, varies from pulse to pulse in accordance with 
the antenna pattern, while the antenna gain factors in 
the equation are applicable to targets in the beam maxi- 
mum. It also takes into account the arbitrary designa- 
tion of beamwidth, for the purpose of counting the num- 
ber of pulses integrated, as the half-power value. Anal- 


° The necessity for this definition of L, was called to the author’s 
attention by L. E. Davies of Stanford Research Institute. 
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Fig. 6—Atmospheric-absorption loss Laiay), calculated for 0° target 
elevation angle. 
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Fig. 7—Atmospheric-absorption loss Laan) calculated for 1° target 
elevation angle. 
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Fig. 8—Atmospheric-absorption loss Lab) calculated for 10° target 
elevation angle. 


ysis of these matters [9] indicates that a loss factor of 
1.45 (1.6 db) is appropriate in the case of an azimuth- 
scanning radar. For bidirectionally scanning radar, this 
factor is approximately the square of the loss factor for 
a unidirectional scan—1.e., 2.1 or 3.2 db. For a non- 
scanning radar, L,=1 (0 db). (If the target is not in the 
beam maximum for such a radar, appropriate correction 
should be made in the pattern-propagation factor F. 
In the case of a unidirectional scanning radar, if the 
target is displaced from the beam maximum in the di- 
rection orthogonal to the scanning direction, this should 
also be taken into account by the pattern-propagation 
factor.) 

The factor ZL, is for loss due to absorption in the 
propagation medium. Curves for this loss in the atmos- 
phere as a function of target range, for certain elevation 
angles, are given by Figs. 6 to 8. They were calculated 
[14] on the basis of Van Vleck’s theory of absorption by 


oxygen and water vapor. ({14] contains curves for addi- 
tional elevation angles.) Since this loss depends on the 
range, it is necessary first to calculate the range for no 
loss (La=1), and then apply a correction based on the 
loss factor determined for this range from curves of the 
type of Figs. 6 to 8. Further correction may be made, if 
necessary, on the basis of a revised loss factor for the 
corrected range. 

Additional losses may occur in special cases. Among 
the possibilities are collapsing loss, video mixing loss, 
sweep-speed loss, and pulse-length loss (due to finite ex- 
citation time of certain types of array antennas). The 
basis of calculation of some of these losses is given by 
Lawson and Uhlenbeck [7]. A quantity sometimes 
called operator loss is already included in Figs. 2 and 3. 
Inclusion of a so-called system-degradation loss to 
account for poor system maintenance and adjustment 
is deprecated. 
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PATTERN-PROPAGATION FACTOR 


The pattern-propagation factor F, as defined by Kerr 
[8], is the ratio of the actual field strength at the target 
to that which would be observed in free space at the 
same range, in the beam maximum. Here the further 
provision is made that the field strengths in this defini- 
tion shall be those that would exist in the absence of any 
propagation-medium absorption. Formulas for com- 
puting F are given by Kerr. 

A troublesome factor in evaluating F in the case of 
sea-reflection has been determination of the magnitude 
of the reflection coefficient p. The value for a smooth sea 
po is given by Kerr® as a function of the polarization, fre- 
quency, and grazing angle. For a rough sea, the follow- 
ing empirical formula has been devised: 


steal 
Diy male 


For a 6-foot wave height, calculated values conform ap- 
proximately to experience and to Rayleigh’s criterion 
when A =fme2 (sin? @) exp [—0.05(90° —6°) | and k=25, 
where fmc is the frequency in megacycles and 6° is the 
grazing angle in degrees. (For low antenna height, @ may 
be taken as the target elevation angle.) 

This is not a formula based on rigorous analysis or 
experiments. It is offered primarily as a convention for 
use until better theoretical or experimental information 
is available; it gives “reasonable” values. 


(11) 


VERTICAL COVERAGE DIAGRAMS 


Radar maximum range is generally a function of the 
target elevation angle 8, and can be described adequately 
only in terms of a vertical coverage diagram. It has until 


6 Reference [8], pp. 402-403. 
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recently been customary to compute the range-height- 
angle relationship assuming a linear decay of refractive 
index with height, but this assumption leads to serious 
errors at low angles and long ranges. A better represen- 
tation of the actual refractive-index variation, as shown 
by Bauer [12] and Bean and Thayer [13], is a negative- 
exponential model. For general use, the following par- 
ticularization of the Bureau of Standards CRPL Ex- 
ponential Reference Atmosphere described by Bean and 
Thayer is suggested: 


n(h) = 1 + 0.000313 exp (—0.04385h), (12) 


where m is the refractive index and /h is the height in 
thousands of feet. Bean’ states that this surface value of 
n (1.000313) was obtained by averaging about 210° 
observations for a period of eight years over the United 
States. Fig. 9 is a plot of range-height-angle values cal- 
culated (using the Naval Research Laboratory NAREC 
Computer) for this model. Bean and Thayer [13], in 
NBS Monograph 4, have published tables of values (ex- 
pressed in kilometers and milliradians) for this and 
other models. Bauer [12] has also published values for 
an exponential model. Fig. 9 is designed to present ray 
paths as straight lines, a feature that facilitates the 
plotting of coverage diagrams. 


APPENDIX 
Arps TO RADAR RANGE CALCULATION 


A work-sheet form has been devised for use with the 
curves and equations of this paper and with Tables I 
and II (see page 163). This form, shown following 
Table II, greatly facilitates range calculations and 


7B. R. Bean, Natl. Bureau of Standards, Boulder Labs., Boulder, 
Colo., in a letter to the author; December 8, 1960. 


CALCULATED FOR ATMOSPHERIC 
REFRACTIVE INDEX MODEL : 
n(h) = 1+ OOO3I3 e~ 04385 h 

(h in thousonds of feet) 


RADAR RANGE (NAUTICAL MILES) 


Fig. 9—Radar range-height-angle chart calculated for an exponential 
model of the atmospheric refractive index. (“Radar range” means 


“distance along the ray path.” 


Elevation angles are angles of rays 


with respect to horizontal at radar antenna.) 
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allows inexperienced personnel to perform them. It is 
based on (2) and is largely self-explanatory. The 
quantity L, denotes the aggregate of any losses that 
may occur in special cases, in addition to the ones spe- 
cifically provided for. Values of Laav) for elevation angles 
or frequencies not shown in Figs. 6 to 8 may be esti- 
mated by interpolation. Table I, together with Fig. 1, 
is useful for computing the system noise temperature. 

The following formulas are useful for computing the 
number of pulses JN illuminating the target per azi- 
muth scan of a scanning radar, as required for use with 
Figs. 3 and 5. For azimuth-only scanning, 


6,:PRF 


N = [te ae 
6-cos@-RPM 


(13) 


where 6, is the horizontal beamwidth in degrees (the 
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value applicable at the target elevation angle), PRF is 

the pulse repetition frequency in pulses per second, 

RPM is the scanning speed in revolutions per minute, 

and @ is the target elevation angle. For an azimuth-and- 

elevation-scanning radar (assuming that there are 

many elevation scans per azimuth scan) the formula is 
0,0, PRE 


N =— Set (14) 
6(cos A)w,t;RPM 


where 6, is the vertical beamwidth in degrees, w, is the 
vertical scanning speed in degrees per second (at the 
elevation angle of the target), and ?¢, is the vertical scan- 
ning period in seconds (including dead time, if any). 
These formulas apply as long as 6;,/cos 8 is not greater 
than about 90°. For greater values, more complicated 
formulas are required. 


TABLE I 
DECIBELS, POWER RATrIos, AND EFFECTIVE NoIsr TEMPERATURES 


If the second column represents a loss ratio, L, the third column is 
its reciprocal, whichoccurs inthe formula for the effective noise temperature 
of a lossy receiving transmission line or propagation medium: 


i 
T, = 7; (1-$) 


where T,. is the effective noise temperature and Ty is the thermal tempera- 


ture (Kelvin) of the line or medium. The fourth column is the resulting noise 
temperature, calculated from this equation, assuming T, = 290°K. If in the 
actual case T, has some other value, multiply the values of Ty by Ty /290. 


The second column also represents the receiver noise factor, NF, 
expressed as a power ratio, corresponding to decibel noise-factor values 
represented by the first column. The fifth column is the corresponding effec- 
tive receiver noise temperature, Te = (NF - 1)To. (Ty = 290°K). 


Temperature conversion relations: Ty. 4),,,, = 273.16 + Weeniorade = 255.38 + (5/9) De hrenhott 
== =F 
Power Ratios PowemRatios 4 Power Ratios 
Decibels : Tr ‘ Te Decipels we Me Decibels 
7 Kelvin pee + + - | °Kelvin] °Kelvin 
——- 4 L (NF) Wee 
0 1.0000] 1.0000] 0.00 | 0.00 Tino nine 6.2 | 4.169) .2399 | 220 | 919 
0.01 |1.0023| .9977| 0.67 | 0.67 pias accouilecdans| mi iomenl tags 6.3 | 4.266] 2344 | 222 | 947 
0.02 1.0046] .9954/ 1.33 | 1.33 Fr Repeal rere | ers al | Pes 6.4 | 4.365| 2291 | 224 | 976 
0.03 1.0069] .9931| 2.00 | 2.00 Sie Mlaearaileteoal| @is7) males 6.5 | 4.467] .2239 | 225 | 1005 
0.04 |1.0093| .9908] 2.67 | 2.70 A clita yee ey. eter 6.6 | 4.571| .2188 | 227 | 1036 
0.05 |1.0116| .9886| 3.31 | 3.36 pine 3 seoeeaTonicdaae alese 6.7 | 4.677| 2138 | 228 | 1066 
0.06 |1.0139) .9863| 3.97 | 4.03 Reel ous tkeoaeeleisen Gitose 6.8 | 4.786| .2089 | 229 | 1098 
0.07 |1.0162| .9840| 4.64 | 4.70 SR Wl a losctiisisotl ase leave 6.9 | 4.898] .2042 | 231 | 1130 
0.08 |1.0186| .9818| 5.28 | 5.39 A Ge Ml coon de nioeedane Weed 7.0 | 5.012] .1995 | 232 | 1163 
0.09 |1.0209| .9795| 5.95 | 6.06 ite A Sincere Sayed | Aiba 7.1 | 5.129] .1950 | 233 | 1197 
0.10 1.0233] .9772| 6.61 | 6.76 ore | espe eS ee beer: 7.2 | 5.248{ .1905 | 235 | 1232 
0.15 |1.0351] .9661| 9.83 | 10.2 ats Woyse il cereale ta tlasc 7.3 | 5.370| .1862 | 236 | 1267 
0.20 /1.0471| .9550| 13.1 | 13.7 Oma era | errr [eye 7.4 | 5.495] .1820 | 237 | 1304 
0.25 |1.0593] .9441| 16.2 | 17.2 See al a saci ater then. eae 7.5 | 5.623) .1778 | 238 | 1341 
0.30 1.0715] .9333| 19.3 | 20.7 Red el 5 colder 7.6 | 5.754] .1738 | 240 | 1379 
0.35 |1.0839| .9226| 22.4 | 24.3 sieeal 6 Sage ee Mikael as 7.7 | 5.888] .1698 | 241 | 1418 
0.40 |1.0965| .9120| 25.5 | 28.0 ee ls scat banger icce wietce 7.8 | 6.026 1660 | 242 | 1458 
0.45 1.1092] .9016| 28.5 | 31.7 Mowe ae ees 7.9 | 6.166] .1622 | 243 | 1498 
0.50 |1.1220| .8913| 31.5 | 35.4 Aooa Da eaaeeultives alteies 8.0 | 6.310 .1585 | 244 | 1540 
0.55 |1.1350| .8810| 34.5 | 39.2 de Mietato  aucontlo dir ua eae g.1 | 6.457] 1549 | 245 | 1583 
0.60 /|1.1482| .8710| 37.4 | 43.0 PR EAI a SAM sbooUlc Cosel Ware 8.2 | 6.607] .1514 | 246 | 1626 
0.65 1.1614} .8610/ 40.3 46.8 4.3 2.692 | .3715 182 491 8.3 6.761) .1479 247 1671 
0.70 1.1749 | .8511] 43.2 50.7 fee 2.754 3631 185 509 8.4 6.918) .1445 248 1716 
0.75 1.1885 | .8414] 46.0 54.7 45 2.818 3548 187 527 8.5 7.079} .1413 249 1763 
0.80 1.2023 | .8318] 48.8 58.7 4.6 2.884 3467 189 546 8.6 7.244) .1380 250 1811 
0.85 1.2162 | .8222] 51.6 62.7 4.7 2.951 3388 192 566 8.7 7.413) .1349 251 1860 
0.90 |1.2303| .8128| 54.3 | 66.8 Pid Mee eralbee eet ners Carats 8.8 | 7.586 .1318 | 252 | 1910 
0.95 |1.2445| .8035| 57.0 | 70.9 Gige tl concal aaaehltoes Aircon 8.9 | 7.762| .1288 | 253 | 1961 
1.00 /1.2589] .7943| 59.7 | 75.1 Bie Naa anil stead lease eit aet 9.0 | 7.943] .1259 | 253 | 2013 
1.1 |1.288 | .7762] 64.9 | 83.5 Peele oratioaead one oh eas 9.1 | 8.128] .1230 | 254 | 2067 
1.2 1.318 | .7586] 70.0 92.2 5.2 3.311 |.3020 | 202 670 9.2 8.318] .1202 255 2122 
1.3 [1.349 | .7413] 75.0 [101 Sroaeiainnelcstultsog Mlcess 9.3 | 8.511} .1175 | 256 | 2178 
1.4 |1.380 | .7244] 79.9  |110 Rial oder boaea) | 206 | 715 9.4 | 8.710] .1148 | 257 | 2236 
1.5  |1.413 | .7079| 84.7 |120 Pe a eaail cetal isos ma orae 9.5 | 8.913] .1122 | 257 | 2295 
1.6 |1.445 | .6918| 89.4 129 Pees ters keieciie. mea 9.6 | 9.120 .1096 | 258 | 2355 
Le. 1.479 .6761 | 93.9 139 5.7 3.715 | .2692 212 787 9.7 9.333) .1072 259 2417 
1.8 1.514 -6607 | 98.4 149 5.8 3.802 | .2630 214 813 9.8 9.550) .1047 260 2480 
19, 1.549 | .6457])103 ° |159 5.9 3.890 |.2570 | 215 838 9.9 9.772! .1023 260 2544 
2.0 1.585 -6310 | 107 170 6.0 3.981 |.2512 217 864 10.0 10.000} .1000 261 2610 
| 21 [x62 | ‘eres fiir | 180 6.1 | 4.074 |-2455 219 891 aaa 
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TABLE II 
Rapar RANGE FACTORS FOR SYSTEM POWER CHANGE FROM 0 TO 40 DECIBELS 
(In steps of 0.1 decibel) 


The table is intended for use with an equation of the type: where R/R. is the range factor, and 10 log Iyer. is the power change indeci- 
bels. P; is transmitter power, G antenna gain, wavelength,a target cross 
— a ve wh section, L loss factor, F pattern-propagation factor, and P, received echo 
R =k =k P peo Rc power. 
PLL 


Range factors for power changes greater than 40 db can be obtained from 
the table by the following procedure: (1) Subtract from the absolute value of 
where R is the radar range and P may be regarded as an equivalent system the power change in db the integral multiple of 40 which results in a positive 
power variable. The table is based on the relation: remainder less than 40; (2) Look up the range factor corresponding to the 

remainder; (3) Shift the decimal point one place for each 40 db subtracted; for 
1 range increase, shift to the right, for decrease shift to the left. For example, 
R/R, = antilog [z0 (10 log P/P.)| the range increase for a power change of 47.3 db is 15.22, and for 87.3 it is 
152.2, because for 7.3 db it is 1.522. The decrease factor for 47.3 db is 
0.06569, and for 87.3 it is 0.006569, etc. 


| Power Range Range 


Power Range Range 
Change,| Increase |Decrease Change,| Increase |Decrease 
Decibels| Factor Factor Decibels} Factor Factor 
| 
Point 

0.0 5.0 35.0 15.0 
0.1 5.1 34.9 aye 2 385 4193 | 24.9 
0.2 5.2 34.8 15.2 2 399 4169 | 24.8 
0.3 5.3 34.7 15.3 2 413 4145 | 24.7 
0.4 5.4 34.6 y ‘ 15.4 2 427 4121 | 24.6 
0.5 5.5 34.5 10.5 5 464 | 29.5 15:5 2 441 4097 | 24.5 
0.6 5.6 34.4 10.6 5 433 | 29.4 15.6 2 455 4074 | 24.4 
0.7 5.7 34.3 10.7 5 40i | 29.3 15.7 2 469 4050 | 24.3 
0.8 5.8 34.2 10.8 5 370 | 29.2 15.8 2 483 4027 | 24.2 
0.9 5.9 34.1 10.9 e340 129.1 15.9 2 497 4004 | 24.1 
1.0 6.0 34.0 5 309 | 29.0 16.0 2 512 3.981 | 24.0 
1 6.1 33.9 5 278 | 28.9 16.1 2 526 3.958 | 23.9 
1:2 6.2 33.8 5 248 | 28.8 16.2 2541 3.936 | 23.8 
83 6.3 33.7 Sugiom eaoak 16.3 2 556 8 913) | 2327 
1.4 6.4 33.6 5 188 | 28.6 16.4 2 570 3 890 | 23.6 
1.5 6.5 3055) ily |p 2h) 16.5 2 585 3 868 | 23.5 
1.6 6.6 33.4 5 129 | 28.4 16.6 2 600 3 846 | 23.4 
17 6.7 Sars 5 16.7 2615 3 824 | 23.3 
1.8 6.8 33.2 5 16.8 2 630 3 802 | 23.2 
1.9 6.9 33.1 5 16.9 2 645 3780 |} 23.1 
2.0 7.0 33.0 5 17.0 2 661 3 758 | 23.0 
2.1 Uics 32.9 4 g ile 2 676 Sota eee 
v2 7.2 32.8 4 8 17.2 2 692 SePiS. | Zace 
2.3 7.3 Shi 4 aed 17.3 2 707 3 694 | 22.7 
2.4 7.4 32.6 4 6 17.4 2 723 3673) | 22k6 
Pegi 7.5 $255 4 5 ifs 2 738 S1OD2) [2220 
2.6 7.6 32.4 4 4 17.6 2 754 3631 | 22.4 
rat To 3253 4 3 tt 2 770 3610 | 22.3 
2.8 7.8 32.2 4 72. 17.8 2 786 3589 | 22.2 
2.9 7.9 ook 4 a 17.9 2 802 SD 69m | 22h 
3.0 8.0 32.0 4 0 18.0 2 818 3.548 | 22.0 
cial 8.1 31.9 4 9 18.1 2 835 3 528 21.9 
3.2 8.2 31.8 4 8 18.2 2 851 3508 | 21.8 
3.3 8.3 Rye 4 ar 18.3 2 867 S AST) hehe 
3.4 8.4 31.6 4 6 18.4 2 884 30467) 11) ZAG 
3.5 8.5 S15 4 5) 18.5 2901 3 447 | 21.5 
3.6 8.6 31.4 4 4 18.6 2917 3 428 | 21.4 
3.7 8.7 31.3 4 ae] 18.7 2 934 3 408 | 21.3 
3.8 8.8 31.2 4 .2 18.8 2 991 3 388) || 2222 
3.9 8.9 31.1 sik 18.9 2 968 3 369 | 21.1 
4.0 9.0 31.0 0 19.0 2 985 3.350 | 21.0 
4e1 9.1 9 19.1 3 003 3 330 | 20.9 
4.2 9.2 8 19.2 3 020 3311 | 20.8 
4.3 9.3 Ni 19.3 3 037 3 292 | 20.7 
4.4 9.4 6 19.4 8.055 BPH MPAs} 
4.5 9.5 aS) 19.5 3 073 3255 | 20.5 
4.6 9.6 4 19.6 3 090 3 236 | 20.4 
4.7 9.7 3 19.7 3 108 3 2075 | 20:3 
4.8 9.8 4 19.8 3 126 3.199 | 20.2 
4.9 9.9 it 19.9 3 144 3.181 | 20.1 
20.0 fy 162 S162.) 2050 
Point Point . 

Range Range jDecibels 
Increase Decrease | Increase] Power 
Factor Factor Factor Factor | Change 
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1. Compute system noise temperature, aes following outline in section (1) below. 
2. Enter range factors known in other than decibel form in section (2) below, for reference. 


3. Enter logarithmic and decibel values in section (3) below, positive values in plus column, negative in 


minus. (Example: If V as given by Fig. 2 or 3is negative, then - is positive, goes in 


V5(50)(db) 
B(db) 


0(50) (db) 


plus column.) To convert range factors to decibel values, use Table 1. For C use Fig. 4. 


(2) RANGE FACTORS | (3) DECIBEL VALUES | PLUS (+) | MINUS (-) 
a ne Recoil ee a] 


% Se 
ee ae! 
| 


(1) COMPUTATION OF T_: 


Rs fay a 


usec 


(a) For general range com- 
putation, use Figure 1 forT.. 


(b) To find 1/L,, given 
Ly(dpb), use first and third 
columns of Table 1. 


) 


| i?) 

oe ole 
oF J|n 
Al) 12 

3 

1 

_ 

oO 

— 

2) 

0g 

lar 

is} 


ze 


(c) Also in Table 1, opposite 
L,(dp) in first column, read 
T. in fourth column. 


Note: If thermal tempera- 
ture (T;) of transmission 

line is appreciably different 
from 290 K, multiply Table 1 
values of T, by T, /290. 


(a) Opposite NF gy, in first Range-equation constant (40 log 1.292) 4.45 


column, read T, in fiftheol. [~4_ Optain columntotals———>f. |. 
=/L = an 5. Enter smaller total below larger ———> ‘ese, 


7. InTable 2,findrange ratio corresponding to this 

net decibel value, taking its sign (+) into account. 

Multiply this ratio by 100. This is R, 

8. Multiply R, by the pattern-propagation factor. R,xF= Rosas ferns ig] 


9. Onthe appropriate curve of Figures 6-8 , determine the atmospheric-absorption eae 
loss factor, L,(gp), corresponding to R’. This is La(db)(1) His toate bener Sheree se 


10. In Table 2, find the range-decrease factor corresponding to La(ab) (1) 6, ————_——_—> [eeearn| 
11. Multiply R’ by 6). This is a first approximation of the range, R, ——_——— [eer] 


12. If R, differs appreciably from R’, on the appropriate curve of Figures 6- 8 find ss 
the new value of L. (db) corresponding to R,. This is Li (db) (2) eet Spee Ir, 


13. In Table 2, find the range-increase factor corresponding to the difference between 


ee gee. 


La(db)(1) and La(qp)(2). This is 62. 
14. Multiply R, by 5. This is the radar range in nautical miles, R, , ——___—___———__> ee 


Note: If the difference between La(db (1) and L (ap}(2) is less than 0.1 db, R} may be taken as the final 
range value, and steps 12 - 14 may be omitted. La(db)(1) is less than 0. db, R’ may be taken as the 
final range value, and steps 9 - 14 may be omitted. (For radar frequencies up to 10,000 megacycles, cor- 
rection of the atmospheric attenuation beyond the Ls (db)(2) value would amount to less than 0.1] db.) 


164 


ACKNOWLEDGMENT 


The information presented has been drawn from 
many sources, only some of which are referenced. Help- 
ful and encouraging comment has been received from 
many persons, among whom the author especially 
thanks L. E. Davies of Stanford Research Institute, 
W. M. Hall of the Raytheon Company, and R. J. 
Adams of the Naval Research Laboratory. 


REFERENCES 


[1] D. O. North, “An Analysis of the Factors which Determine 
Signal/Noise Discrimination in Pulsed Carrier Systems,” RCA 
Labs., Princeton, N. J., Tech. Rept. PTR-6C; June 25, 1943. 

2) A. V. Haeff, “Minimum-detectable radar signal and its de- 
pendence upon parameters of radar systems,” Proc. IRE, vol. 
34, pp. 857-861; November, 1946. 

3] R. M. Ashby, V. Josephson, and S. Sydoriak, “Signal Threshold 
Studies,” Naval Research Lab., Rept. R-3007; December 1, 
1946. (This report is based on work done at the M.I.T. Radia- 
tion Lab., not all of which had been previously published.) 

4) K. A. Norton and A. C. Omberg, “The maximum range of a 
radar set,” Proc. IRE, vol. 35, pp. 4-24; January, 1947. 

[5] L. N. Ridenour, e¢ al., “Radar System Engineering,” M.I.T. 
Rad. Lab. Ser., McGraw-Hill Book Co., Inc., New York, N. Y., 
vol. 1; 1947. 

[6] R. Payne-Scott, “The visibility of small echoes on PPI displays,” 
Proc. IRE, vol. 36, pp. 180-196; February, 1948. 

[7] J. L. Lawson and G. E. Uhlenbeck, “Threshold Signals,” 

M.1.T. Rad. Lab. Ser., McGraw-Hill Book Co., Inc., New York, 

N. Y., vol. 24; 1950. (Much of the information in this volume 

which is relevant to the present context is also contained in [3].) 


IRE TRANSACTIONS ON MILITARY ELECTRONICS 


April 


[8] D. E. Kerr, e¢ al., “Propagation of Short Radio Waves,” M.I.T. 
Rad. Lab. Ser., McGraw-Hill Book Co., Inc., New York, N. Y., 
Wale We IOSik 

[9] L. V. Blake, “The effective number of pulses per beamwidth for 

a scanning radar,” Proc. IRE, vol. 41, pp. 770-774; June, 1953. 

“Addendum,” Proc. IRE, vol. 41, p. 1785; December, 1953. 

[10] W. M. Hall, “Prediction of pulse radar performance,” Proc. 

IRE, vol. 44, pp. 224-231; February, 1956. 

[11] H. D. Ko, “The distribution of cosmic background radiation,” 

Proc. IRE, vol. 46, pp. 208-215; January, 1958. 

[12] J. R. Bauer, et al., “Radio Refraction in a Cool Exponential 

Atmosphere,” M.I.T. Lincoln Lab., Lexington, Mass., Tech. 

Rept. No. 186, ASTIA Doc. No. 202331; August 27, 1958. 

[13] B. R. Bean and G. D. Thayer, “Models of the atmospheric 
radio refractive index,” Proc. IRE, vol. 47, pp. 740-755; May, 
1959. P. Misme, B. R. Bean, and G. D. Thayer, “Models of the 
atmospheric radio refractive index,” Proc. IRE, vol. 48, pp. 
1498-1501; August, 1960. Also ,“CRPL Exponential Reference 
Atmosphere,” NBS Monograph 4; October 29, 1959. 

[14] L. V. Blake, “Radar Attenuation by Atmospheric Oxygen,” 
paper presented at URSI-IRE Meetings, Washington, D. C., 
Commission 2, Tropospheric Radio Propagation; May 6, 1959. 
Also, “Curves of Atmospheric-Absorption Loss for Use in Radar 
Range Calculation,” Naval Research Lab., Rept. 5601; January, 
1961. 

[15] R. C. Hansen, “Low noise antennas,” Microwave J., vol. 2, 
p. 19; June, 1959. 

[16] J. J. Bussgang, et al., “A unified analysis of range performance 
of CW, pulse, and pulse Doppler radar,” Proc. IRE, vol. 47, pp. 
1753-1762; October, 1959. 

[17] D. C. Hogg and W. W. Mumford, “The effective noise tem- 
perature of the sky,” Microwave J., vol. 3, pp. 80-84; March, 
1960. 

[18] J. I. Marcum and P. Swerling, “Studies of target detection by 

pulsed radar,” IRE TRANS. ON INFORMATION THEORY, vol. IT-6; 

April, 1960. 


Prediction of Coverage for Trans-Horizon HF Radar Systems* 


G. F. ROSS}, SENIOR MEMBER, IRE, AND L. SCHWARTZMAN, MEMBER, IRE 


Summary—Coverage patterns for trans-horizon radar systems 
can be predicted both analytically and empirically. Empirical meth- 
ods are preferred because of their rapid application and lack of need 
for elaborate computing facilities. In addition, the coverage tech- 
niques introduced may be used eventually to determine the slant 
range, absorption, and effective noise temperature of trans-horizon 
radar systems. Some of the fundamental considerations which influ- 
ence the prediction of coverage, such as geographical location, and 
the diurnal, seasonal, and anomalous behavior of the ionosphere, 
are discussed qualitatively. In spite of these factors, however, it is 
shown how HF radar systems overcome the line-of-sight limitations 
imposed upon conventional microwave radar systems and theo- 
retically permit up to four or five times the range for a single hop. 


INTRODUCTION 
4 | YHIS article presents some fundamental considera- 


tions influencing the prediction of the radar cover- 
age for HF trans-horizon systems. For example, 
HF systems are dependent upon geographical position, 
and diurnal, seasonal and anomalous behavior of the 


* Received by the PGMIL, January 17, 1961. 
+ Surface Armanent Div., Sperry Gyroscope Co., Div. of Sperry 
Rand Corp., Great Neck, N. Y. 


ionosphere. These factors are described qualitatively 
with estimations of the anticipated “outage” time for 
the various regions of the globe. 

Techniques are described which can be used to de- 
termine one-hop (over-the-horizon) skip distances in 
terms of the antenna beamwidth, launch angle, and 
“virtual” height for each of the respective rays in the 
beam. The interdependence of these parameters, along 
with the target range, are tabulated for convenient use 
by a trans-horizon radar system designer. 

Several techniques for determining the virtual height 
as a function of launch angle, operating frequency, and 
assumed ionospheric model are presented. Two methods 
are analytical, employing parabolic and _ piece-wise 
linear approximations of the electron density profile, 
while a third technique employs empirical results ob- 
tained from ionospheric sounding stations. 

The latter method makes use of the Smith transmis- 
sion curves with sliding ionogram overlays, eliminating 
the long and detailed calculations. This method clearly 
demonstrates the cause of E and F, layer blanketing 
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when fF» layer propagation is desired. Radar coverages 
are obtained for typical winter days, winter nights, sum- 
mer days, and summer nights. » 

The paper concludes with a qualitative discussion of 
the factors which influence transmission through the 
ionospheric region. Procedures are presented for graph- 
ically determining the normal “radar” spreading loss 
(1/R)* and the losses which result from propagation 
through an ionized region. It will be shown how the 
latter losses, together with the effective noise tempera- 
ture, which are both functions of frequency, play an 
important role in the solution of the “radar equation.” 


THE IONOSPHERE 


To predict the coverage pattern for a trans-horizon 
radar, the designer should be thoroughly familiar with 
the many factors which influence and lead toward the 
determination of the coverage and the many ionsopheric 
anomalies that can play havoc with the predicted cover- 
age pattern. However, before examining these anomalies 
and their effects, it is necessary first to be familiar with 
the problems associated with electromagnetic wave 
propagation in an ionized medium, e.g., the ionosphere. 

An isotropic and homogeneous region can be charac- 
terized by three constants, e (the permittivity), uw (the 
permeability), and o (the conductivity), which relate 
the fields in the following manner:! 

D= cE; B= nH; 


J = cE. (1) 


In such a medium, the phase and group velocities can 
be shown to be 

Se et ay ee eC) 

NiiRekn €0 Ko 

where c is the velocity of the wave in free space, and k, 
and k,, are the electric and magnetic specific inductive 
capacities, respectively. The ratio 7=c/v is called the 
index of refraction, and since k,, is usually nearly unity 
in all but ferromagnetic materials, the index of refrac- 
tion is approximately equal to the square root of k.. The 
amount of bending that a wave undergoes in passing 
from one medium to another is described by Snell’s law 
and is a function of the ratio of the indices of refraction 
of the two media, as well as the angle of incidence. 

In an ionized medium, k, is frequency-dependent, 
which results in a functional relationship between the 
applied frequency and the phase velocity of the wave. 
Furthermore, the presence of a static magnetic field re- 
sults in a birefringent medium. The effect is to split an 
incident wave into two components called the ordinary 
and the extra-ordinary rays. These rays follow different 
paths, having different phase velocities, and suffer dif- 
ferent attenuations. 

The ionosphere, to a first approximation, may be 


17. A. Stratton, “Electromagnetic Theory,” McGraw-Hill Book 
Co., Inc.. New York, N. Y., ch. 5; 1941. 
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thought of as a sequence of ionized layers concentric 
with the earth and ranging in height from approxi- 
mately 50 to 350 km. The layers are identified as D, E, 
F, and fF, in order of increasing height and are dis- 
tinguishable in terms of phenomena, many of which per- 
tain to radio wave propagation. The heights of the 
layers are not fixed but depend upon the primary factors 
governing these phenomena, such as zenith angle of the 
sun, condition of the sun (with respect to sunspots, 
flares, etc.), and the earth’s magnetic field and its 
changes. To some extent, the heights of the layers are 
functions of past as well as current events. 

The ionic layers are present over the globe at all 
times, but there exist differences in appearance and be- 
havior at different times and locations. Examples are 
diurnal and seasonal changes, variations between years 
of low solar activity and high solar activity, and between 
equatorial latitudes and polar latitudes. All of the 
phenomena change from time to time in a complicated 
manner not easily described except in statistical terms. 
The variations, both in magnitude and frequency, are 
least at the equator and greatest at the geomagnetic 
poles. 

The reflection and refraction of waves in an ionized 
region depend upon the applied frequency, the direction 
of propagation with respect to the earth’s magnetic 
field, the strength of the earth’s magnetic field, and the 
electron density. 

The complex index of refraction for such a medium is 
given by the Appleton-Hartree? equation as a function 
of the above parameters. 

If one neglects the effects of collisions and the earth’s 
magnetic field in the Appleton-Hartree expression and 
assumes that the change in electron density is small in 
the space of a wavelength, the index of refraction is 


Pee, 
oye 6 


where JN is the electron density in electrons per cubic 
centimeter/10° and f is the applied frequency in mega- 
cycles. Since the amount of bending or refraction ex- 
perienced by a wave is related to m through Snell’s law, 
a wave striking the ionosphere at vertical incidence will 
be returned to the earth when 7 =0, or from (3) when 


given by 


The frequency given by (4) is called the vertical- 
incidence critical frequency and is used as a measure of 
electron density of the region. The height of a layer as 
well as the electron density is required to describe ade- 
quately the ionosphere. The height is usually given in 
terms of the “virtual height,” which is defined as the 


2S, K. Mitra, “The Upper Atmosphere,” The Asiatic Society, 
Calcutta, India, 2nd ed.; 1952. 
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height of a reflecting layer in free space for which the 
travel time of the wave is equal to the travel time in the 
actual ionized medium.’ The virtual height, as shown in 
Fig. 1, is always greater than the actual height, since the 
group velocity of propagation in an ionized region 1s less 
than the velocity of propagation in free space. 

An important relationship concerning the virtual 
height is the equivalence theorem for a flat earth, a 
flat ionosphere, and without consideration of the earth’s 
magnetic field. This relationship states that the virtual 
height of reflection of a wave propagated at oblique 
incidence over a path (the height of the equivalent tri- 
angular path) is equal to the virtual height of reflection 
for the wave of the equivalent vertical incidence fre- 
quency propagated vertically through the ionosphere. 
The equivalent vertical incidence frequency and the 
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Fig. 1—Relation between virtual height and actual height. 
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Fig. 2—Typical diurnal and seasonal ionograms. 


oblique incidence wave frequency are related by the 
secant law, that is, 


if = Jel SEC Go, (5) 
where f is the oblique-incidence frequency, f, 1s the 
equivalent vertical-incidence frequency, ¢»o is the half 
angle at the apex of the equivalent path, and K is a cor- 
rection factor assumed to depend only on the trans- 
mission path. The maximum oblique incidence frequency 
which will be supported (reflected back) by the iono- 
sphere for a given distance of transmission is called the 
maximum usable frequency (MUF). 

To determine the coverage pattern of an HF system, 
it is necessary to predict the path for the various rays 
in the beam. Since the ionosphere has a large anomalous 
behavior, 2.e., spread F, sporadic £, layer tilts, storms, 
etc., techniques which do not employ existing iono- 
spheric data must be avoided since erroneous conclusions 
can be obtained. Incorrect results will also be obtained 
if data at only one point along the path are used. 


3F. D. Terman, “Radio Engineering,” McGraw-Hill Book Co., 
Inc., New York, N. Y., 3d ed., p. 633; 1947. 


For example, Fig. 2 shows four typical plots illustrat- 
ing the large diurnal and seasonal variations of the criti- 
cal frequencies and the virtual heights.* These plots are 
known as ionograms. In temperate latitudes, changes in 
the F, layer critical frequency (fo/2) are gradual, having 
a correlation time of approximately 20 to 30 minutes.® 
Wright, Zondt, and Stonehocher® have plots showing 
the variation of typical electron-density profiles as a 
function of latitude, longitude, and time of day. 

In the low and middle latitudes, the ionosphere may 
be described as being either in a quiet or disturbed con- 
dition, but in the polar region, the latter condition usu- 
ally prevails. Changes in f)/: of as much as two to one 
within a 15-minute period are common during a winter 
day or night. In the low and middle latitudes, such 
changes are not usually encountered except during the 
onset of a storm. 

There are two basically different types of storms 


4 “Tonospheric Radio Propagation,” U. S. Dept. of Commerce, 
Washington, D. C., NBS Circular No. 462, pp. 19-20; 1948. 

5 J. W. Wright, T. E. Van Zondt and G. H. Stonehocher, “Data 
Pee Electronic Densities,” Boulder, Colo., NBS Rept. No. 
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which may profoundly alter the normal behavior of the 
ionosphere. They are the sudden ionospheric disturbance 
(SID) and the ionospheric stornz SID’s occur only on 
the daylight side of the globe and are usually traceable 
to an event, such as a flare, occurring on the sun’s sur- 
face. This disturbance may last from a few minutes to 
several hours and is characterized by a sudden several- 
fold increase in D-region electron density which produces 
above normal absorption of high-frequency signals. The 
lower frequencies are affected first, the higher frequen- 
cies last, with the higher frequencies being the first to 
recover. SID occurrence is related to the sunspot num- 
ber® but usually is not predictable. 

The ionospheric storm is of much longer lasting dura- 
tion than the SID. An ionospheric storm is composed 
of two modes, the short time variation and the disturb- 
ance variation. The latter is dependent upon local time. 
It has been shown by many investigators that magnetic 
and ionospheric storms seem to be manifestations of the 
same fundamental phenomena. During magnetic storms, 
the maximum usable frequencies are lowered while the 
lowest usable frequencies rise, so that the operating 
bandwidth is reduced. Magnetic storms are most violent 
during and shortly after sunspot maximum. They have 
a tendency to occur at 27 day intervals (rotation of sun) 
and are most predictable during sunspot minimum 
years.’ The occurrence of magnetic storms can be pre- 
dicted six hours in advance with an 80 per cent prob- 
ability, but the severity cannot be predetermined. 

Finally, layer tilts, including sunrise and sunset effects 
have been known for a long time. Such tilts can deviate 
a wave off a great circle path and can cause bearing 
changes of 2° to 3° and elevation changes of about 5°.*° 


RAY 


The general mathematical procedure for tracing the 
path of a wave through a nonisotropic medium is com- 
plicated and does not lend itself readily to application. 
Certain simplifying assumptions, however, yield approx- 
imate solutions which can be used by the radar designer 
to predict system coverage. These assumptions are: 


TRACING 


1) The electron density and, hence, the index of re- 
fraction over narrow regions varies only with the 
radius 7 in spherical coordinates. 

2) The equivalence theorem (as defined earlier) is 
valid for the case of a curved earth and curved 
ionosphere and the virtual height is the same as 
the height of the triangle formed by extending the 
straight-line portions of the wave paths, as shown 
in Fig. 1. 


6 A. H. Shapely and J. V. Lincoln, “Some Methods for General 
Prediction of S.I.D.,” U. S. Dept. of Commerce, Washington, D. C., 
NBS, Rept.; 1947. 

7 NBS Circular No. 462, op. cit., pp. 63-66. 

8 H. A. Whales, “Effective tilts of the ionosphere at places about 
1000 km apart,” Proc. Phys. Soc., vol. 69, pt. B., pp.301-310; January- 
December, 1956. 

9S. Stein, “The role of layer tilts in long range HF radio propa- 
gation,” J. Geophys. Res., vol. 63, pp. 217-241; March, 1958. 
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3) The wave can be represented by a series of rays 
drawn in the direction of the propagated energy 
and not affected by the earth’s magnetic field. 
These rays are contained within the given antenna 
beamwidth. 

4) Effects of refraction in the troposphere may be 
neglected. 


With the acceptance of these assumptions, the general 
problem of radar coverage prediction is illustrated in 
Fig. 3 (next page). The height of the ionosphere is not 
shown to scale. Ray ACD was chosen to be tangent to 
the earth’s surface at A and D, respectively, for expedi- 
ency. The propagated energy is contained within the 
elevation beamwidth angle 6 and is refracted by the 
ionosphere in the region BC. The rays are thus returned 
to earth in the region FD. It should be noted that rays 
launched at different angles penetrate differently into 
the medium. In the example, the tangent ray reaches a 
virtual height /:’ while the extreme ray extends to a 
height fy’. The loci of the virtual bounce points of all 
rays lie on the path BC. 

A target is shown at H at a height A km above the 
earth’s surface. By applying elementary principles of 
geometry and series approximation, the functional rela- 
tionships between these distances and angles can be ex- 
pressed and are shown in Table I. It is evident from 
these relationships that once the antenna beamwidth 
and virtual height are specified, the distances pertinent 
to the system design may be determined. These dis- 
tances include measurements of 


1) AJ, the ground range to a target located A km 
above the earth’s surface, 

2) FD, the illuminated ground region, 

3) BC, the corresponding illuminated region of the 
ionosphere, 

4) AF and AD, the range to the leading and trailing 
edge of the ground clutter or backscatter, re- 
spectively. 


Determining the virtual height (h’), however, con- 
stitutes one of the major difficulties in ray tracing since 
this distance is a complicated function of the wave angle 
of entry into the medium, the electron density, and the 
transmitted frequency. Several procedures, both ana- 
lytical and empirical, have been devised to find h’. Ana- 
lytical methods, for example, involve choosing a model 
ionosphere with either a parabolic or piece-wise-linear 
electron density distribution and applying Snell’s law 
at the boundaries.!°-!? An example of this procedure 


10 A. H. DeVoogt, “The calculation of the path of a radio ray 
in the ionosphere,” Proc. IRE, vol. 41, pp. 1183-1186; September, 
1953. 

1 A. H. DeVoogt, “Ionosphere models as an aid for calculation of 
ionospheric propagation quantities,” Proc. IRE, vol. 48, pp. 341-345; 
March, 1960. 

2 E, B. Muldren, “An ionospheric ray tracking technique and its 
application to a problem in long distance radio propagation,” IRE 
TRANS. ON ANTENNAS AND PROPAGATION, vol. AP-7, pp. 393-396; 
October, 1959. 
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Fig. 3—HF radar geometry. 


TABLE I 
TABLE OF FORMULAS 


Distance Relationships 


(statute miles) (all angles in degrees) 

AJ 69(20—¢!), ¢'=¢—90 
FD 138(@—56) 
BC 7926(1+4+24)1/2 [ sin 
eS 2 
AF 1386 
aS 
A 1386 

Where 


@=cos"! (1—#+42--- ), €=ho!/6377, ho in km 
a=sin—! [(cos B)(1—x+x2-- + )], x=1/6377, hy! in km 
8, launch angle for extreme ray 
6=90-—a—8B6 
¢!=cos! [(cos 6)(1—y+)], y=A/6377, A in km 


eee Beas 


WHERE r 
q EXTENDS TO 


EARTH 


d8 


Fig. 4—Snell’s law at a boundary, 


EARTH'S CENTER 


may be illustrated with the aid of Fig. 4. At the tropo- 
sphere-ionosphere boundary, 


VoNq SiN og = Fe SIN oe, (6) 


where 7 is the index of refraction of the medium. 

The index of refraction of the ionosphere is a function 
of transmitted frequency and electron density and is 
given by (3). The electron density (JV) is, of course, a 
function of the height above the earth’s surface. 

If NV is assumed described by the following relation- 
ship [shown in Fig. 5(a) ],1° 


kN =a+b/r+ g/r’, (7) 


where a, b, and g are constants to be obtained from the 
boundary conditions, then 


yn =1—kN =1— (e+ b/r+ g/r’). (8) 


For r=r, N is zero. This is equivalent to stating that 
the ionosphere begins at a discrete altitude. That is, 


ar,’ + bro. + g = 0. (9) 


Assuming the ionization starts smoothly at the 
boundary, 


dN /dr = 0. (10) 


If (7) is differentiated and set equal to zero, and if 
the result is substituted into (9), the following is 
obtained: 


re = —2g/b and 4ag = 6’, 
or 
b= = Dar, ands, g= 477". (11) 
= ANC = 350 
= = 
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Fig. 5—Electron density profiles. (a) Parabolic approximation. (b) 
Confluent parabolic approximation. (c) Piece-wise linear approxi- 
mation. 


1967 
If (11) is substituted into (7) and solved for N, 
(12) 


To find the apex or turning point of the ray, the angle 
$_ in Fig. 4 is set equal to 90° and substituted into (3) 
and (6): 


re Sin de\? r.\2 
f= (7) = 1 - ay =1 (1 -- ). as) 
Tmax Tmax 


If the expression is solved for ‘max at the turning point, 


a+ +/sin? ¢ + a cos? db. 
Tmax. = Ne = < : ‘ ) : (14) 


a-—1 


Using the value of 7max given by (14) and the tech- 
nique outlined by DeVoogt!® to obtain the central angle 
6 (see Fig. 3), the virtual height is easily found. Note 
that the angle ¢, is geometrically related to the launch 
angle 8, while the constant @ and the radius r, depend 
upon the selected ionospheric model and operating fre- 
quency. The height attained by other rays in the beam 
can be determined in similar fashion since the only vari- 
able in (14) is the angle @. 

A more accurate analysis might be obtained by ap- 
proximating the electron density-altitude profile by a 
series of confluent parabolas as shown in Fig. 5(b), 
where the end-point conditions at each boundary must 


Ross and Schwartzman: Prediction of Coverage for Trans-Horizon HF Radar Systems 


169 


be continuous in magnitude and slope. The calculations 
for more than two boundaries become cumbersome and 
require the use of computer facilities. 

The second analytical approach for approximating 
the N-h’ profile employs the use of piece-wise-linear seg- 
ments in lieu of the confluent parabolas discussed above, 
and is shown in Fig. 5(c). Although this technique ini- 
tially introduces simplification into the equations, a 
large number of line segments are required to achieve a 
desired accuracy. This requires the matching of a great 
many boundary conditions. The piece-wise-linear ap- 
proach is, however, particularly adaptable to program- 
ming in a digital computer. 

It should be clear from the preceding discussion that 
analytical methods which lead to the determination of 
virtual height (or actual path length) are quite involved 
and not very tractable. The next technique to be de- 
scribed is empirical in nature and requires the use of 
Smith transmission curves with sliding ionogram over- 
lays (Fig. 6).13 The Smith curves have the advantage of 
yielding rapid and reasonable accurate coverage infor- 
mation and appear to be the most generally accepted 
method for field application. 

The transmission curves are made on a transparency 
with the virtual height scale identical to that of the 
ionogram. The frequency axis of the ionogram is the 


18 NBS Circular No. 462, op. cit., pp. 69-74. 
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Fig. 6—Overlay of Smith transmission curves on ionograms. 
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same logarithmic scale as the K sec ¢o (t.e., sec do Cor- 
rected) scale of the transmission chart, but is plotted in 
the opposite direction.“ These two scales are then identi- 
cal to the CI and D scales of a slide rule and allow the 
multiplication of the vertical incidence critical fre- 
quency with K sec ¢o giving the operating frequency 
[see Fig. 6]. The number 1.0 on the K sec 0 scale is 
the index used for this process. If the operating fre- 
quency is chosen and one wishes to find the coverage, 
the 1.0 index on the transmission chart is aligned with 
the operating frequency. In this manner, the radiation 
angle and distance intersection with the various layers 
are quickly and easily obtained. For only /; layer propa- 
gation, the angles of departure can be read from the 
abscissa of the Smith curves, and the ground coverage 
determined from the parametric distance curves. For 
example, assume that the operating frequency is 20 Mc 
and only the F; layer is to be used. In Fig. 6, the iono- 
grams from Fig. 2 are overlayed on the transmission 
chart with the 1.0 index placed on 20 Me. It is then seen 
that the intersection of the angle-of-departure curves 
with the various layers occurs only for a winter and 
summer day. That is, the frequency is too high for either 
a winter or summer night and the rays will therefore 
“skip.” For angles of departure between 4° and 18° ona 
winter day, the ground coverage will be from 1600 km 
to approximately 3100 km. 

E-layer shielding of the /2 layer is also quickly deter- 
mined by noting the radiation angle curve. If the same 
radiation angle passes through both the E and F» layer, 
then the E layer shields the F, layer at this angle.” 


PREDICTION OF COVERAGE 


To illustrate the method of predicting radar coverage, 
use will be made of the ionograms and the Smith trans- 
mission curves shown in Fig. 6. These rather general 
ionospheric conditions were chosen to examine the varia- 
tions in trans-horizon radar system coverage throughout 
the year. The ionogram information from Fig. 2 has been 
simplified to exclude the data obtained from multiple 
reflections and that due to the earth’s magnetic field, 
i.e., the extraordinary wave. By sliding the Smith trans- 
mission chart over these ionograms in the manner de- 
scribed in the preceding paragraphs, it is possible to 
determine ground-range coverage for F: layer propaga- 
tion as a function of frequency and launch angle for 
the seasonal and diurnal conditions shown in Fig. 2. 
This information is plotted in Figs. 7 and 8 and may be 
interpreted with the aid of Fig. 3 in the manner de- 
scribed below. 

For an operating frequency of 14 Mc on a summer 
day, the illuminated ground region FD is approxi- 
mately 900 km (2500 minus 1600 km). The effective 
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Fig. 8—Range sector coverage for winter day and winter night. 


beamwidth B’ is 16° (28° minus 12°). Rays launched at 
angles exceeding 8’ will “skip” through the ionosphere 
and will not return to earth, while rays below 12° will be 
refracted by the E or F, layers and will be returned some- 
where in the AF region. 

It can also be noted from these curves that single-hop 
system range is limited by ionospheric conditions on a 
winter day to 3200 km. The narrow and changing effec- 
tive beamwidth @’, resulting from the changing iono- 
spheric conditions, necessitates a frequency sweep capa- 
bility to cover the complete range AJ. Figs. 7 and 8 in- 
dicate that the transmitted frequency might be typically 
in the band from 4 to 25 Mc. 


APPLICATION TO HF RADAR SYSTEMS 


The slant range to targets can be found by using the 
equivalent triangle approximation established earlier 
and illustrated in Fig. 9. The exact computation of path 
length has been shown by Terman" to be unwieldy, and 
usually requiring the solution of an elliptical integral for 
even the simplest electron density distributions. 7 


6 EF, PD. Terman, “Radio Engineers Handbook,” McGraw-Hill 
Book Co., Inc., New York, N. Y., 1st ed., p. 716; 1943. 

17 W.G. Baker and C. W. Rice “Refraction of short waves in the 
upper atmosphere,” Tvans ATEE, vol. 45, p. 302; February, 1926. 
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The slant range determined by the equivalent triangle 
approximation is used to calculate the inverse fourth 
power or radar-spreading loss: Calculating this loss 
brings into evidence one of the interesting differences 
between conventional microwave and HF radar systems. 
In HF systems, the propagation path length or slant 
range used in the radar equation changes as a compli- 
cated function of the launch angle, the operating fre- 
quency, and the conditions of the ionosphere. That is, 
the slant range to a target whose location with respect 
to the radar is fixed varies continually with changes in 
the ionospheric conditions. 

The angle of ray entry into the ionized region (@, in 
Fig. 4) is also of importance to the system designer, 
since ionospheric abosorption or attenuation takes place 
mainly in the D layer and increases with increasing 
angle ¢, for a fixed frequency. Absorption generally de- 
pends upon the 1) year, season, and time of day, 2) 
operating frequency and ray entry angle, 3) geographical 
location, and 4) ionospheric conditions. 

These factors determine the sun spot number, solar 
zenith angle, absorption index, and gyromagnetic fre- 
quency from which the total absorption may be calcu- 
lated using the Appleton equation.’ Absorption losses 
decrease essentially to zero during evening hours while 
attaining a high during summer afternoons; absorption 
also decreases as an inverse function of transmitted fre- 
quency. In addition to absorption losses, a polarization 
loss of approximately 8 to 9 db is usually assumed for 
ionospheric propagation!’ in the HF band. 

Another interesting characteristic of HF radar sys- 
tems is the effect of the frequency sweep on the required 
transmitted power. Earlier it was shown that a fre- 
quency-swept signal was necessary to obtain the exten- 
sive range coverage of an HF system. It was also noted 
that slant range to a target did not decrease linearly 
with decreasing ground range. As the frequency is de- 
creased, however, the effective noise temperature in- 
creases so rapidly that it may actually compensate for 
the reduction in the inverse fourth power loss over a 
portion of the coverage region. Hence, the power re- 
quirements for detection of a target with a given cross- 
sectional area only decrease slowly as a function of 
decreasing target range. 

Finally, there is the problem of separating the target 
echo from the backscatter or clutter return. In HF sys- 
tems this problem is more acute than that encountered 
in the conventional microwave radar. Physical antenna 
size limitations, for example, restrict the minimum an- 
tenna beamwidths, and thus, large areas of the earth’s 


** P. Laitmen and G. Hayden, “Analysis and Prediction of Sky 
Wave Field Intensity in the HF Band,” U. S. Army Signal Corps 
Radio Propagation Agency, Ft, Monmouth, N. J., Rept. No. 
RPU203; March, 1956. 
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Fig. 9—Determination of slant range. 
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Fig. 10—Determination of clutter. 


surface are illuminated as illustrated in Fig. 10. By 
sweeping in frequency, it is possible to place the target 
in the leading ray of the beam (ZFC) and therefore out- 
side tne clutter region. This, however, restricts the maxi- 
mum range of the system. Specifically, Fig. 10 depicts 
the conditions for a winter day with the system frequency 


172 IRE TRANSACTIONS ON 
chosen for maximum range. The projected area is given 
approximately by A,=AB- CD sin B. The equivalent 
radar cross section of the clutter («) depends upon the 
characteristics of the illuminated surface and the trans- 
mitted frequency and is related to A, by a coefficient 
K(i.e., o=KA,). For example, water, which exhibits al- 
most specular reflection characteristics, has a coefficient 
K equal to 10~ or 107°, while for a poor earth this factor 
might approach unity.!*° Numerically, the clutter cross 
section, even over water, is enormous, and for the case 
shown in Fig. 10, is approximately 10° square meters. 
Equivalent target and clutter cross sections, however, 
should be compared only at the same ranges, so that 
besides the coefficient K, another factor should be in- 
cluded to account for the fourth-power loss over ap- 
proximately the distance mc: 


CONCLUSIONS 


Analytical methods to predict the radar coverage for 
HF trans-horizon systems have been described. These 
methods utilize ionospheric models which must be con- 


19 E. D. R. Shearman, “The technique of ionospheric investigation 
using ground backscatter,” Proc. IEE, vol. 103B, p. 210; Octo- 
ber, 1955. 

2 “A Summary of Literature Pertaining to HF Backscatter,” 
Staff Commun. and Propagation Lab., Stanford Res. Inst., Palo Alto, 
Calif., NONR 225(33); 1960. 
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tinually modified to account for the many anomalies. 
The calculations for each model are lengthy and require 
elaborate computer facilities. The empirical technique 
using the Smith transmission curves with ionogram 
overlays is to be desired, since it eliminates the need for 
detailed calculations, while providing the coverage pre- 
dictions on a real time basis. 

Some of the principal differences between the conven- 
tional microwave and HF radar systems were discussed. 
It was shown that the predicted coverage for HF radar 
systems is dependent upon geographical position, and 
the diurnal, seasonal, and anomalous behavior of the 
ionosphere. The inability to forecast the ionospheric 
anomalies such as spread F, sporadic &, SID, tilts, etc., 
can alter the mode of propagation and cause large errors 
in the predicted coverage. On the other hand, HF sys- 
tems overcome the line-of-sight limitations imposed 
upon conventional microwave systems and theoretically 
permit up to four or five times the range for a single hop. 
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A New Display for FM/CW Radars* 


HERBERT H. NAIDICH{ 


Summary—One of the limitations of FM/CW radars, often 
quoted in the literature, is in their inability to handle multiple 
targets. Several variations of a comparatively simple Range/Range 
Rate Display, capable of handling and resolving a large number of 
targets when used in conjunction with an FM/CW radar, are pre- 
sented. The FM/CW plane and means for resolving target am- 
biguities are discussed, as well as system features, which, when used 
in conjunction with the displays, enable multiple target range and 
velocity information to be obtained and utilized simultaneously. 


J]. INTRODUCTION 


HERE has been a great deal of interest in recent 
dle in improving the operating characteristics 
of radars by means of techniques more sophisti- 
cated than those of pulse echoing. To achieve maximum 


* Received by the PGMIL, January 13, 1961. 
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range, a radar system must have a high average trans- 
mitted power and a minimum noise figure in the re- 
ceiver. Maximum target resolution and range accuracy 
are proportional to the bandwidth of the modulation of 
the carrier and the ability of the receiver to process the 
intelligence contained within this modulation. Lastly, 
the longer the “time on target” of the radar energy, the 
more exactly the target velocity cam be determined from 
the Doppler information contained in the received 
signal. 

In pulsed radars, increasing accuracy and resolution 
by reducing pulsewidth (and increasing harmonic con- 
tent of the modulation) causes problems in obtaining 
maximum average power on target and in the utiliza- 
tion of “time on target” to obtain the most accurate 
velocity determination. The manipulation of the pulse 
width, average power, and “time on target” factors 
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for pulsed systems results in compromises which often 
degrade some of the operating characteristics of the 
radar. FM/CW radars can often be designed with less 
compromise to performance specifications, but they en- 
counter complex data-processing problems, especially if 
multiple targets are considered. 

One advantage of pulsed radar systems is the range- 
echo-time relationship, which enables great simplicities 
in the data processing of the returned signals. Many 
types of CRT displays have been used based on the 
deflection of an electron beam in synchronism with the 
transmitted energy. When the echo is received, the 
electron beam is intensified forming a “blip” (PPI, 
RHI), or deflected forming a “pip” (Type A, J). The 
echo time (12.2 microseconds per nautical mile) is 
thereby reduced to a displacement on the face of the 
CRT and presented to an operator in a manner most 
applicable to the function of the particular radar. This 
simple echo-time relationship is one of the major reasons 
for the extensive utilization of pulsed radar systems. 
In FM/CW radars, where this echo-time relationship 
cannot be used, the processing of the information con- 
tained in the recovered modulation has been quite com- 
plex. Because of this difficulty, the use of FM/CW 
radars generally has been restricted to systems where 
multiple targets are not considered, thus simplifying 
the data-processing requirements. The radio altimeter 
is one type of single-target FM/CW equipment which 
has been in use for many years. The ground echo in this 
case is the only target under consideration. 

It is the object of this paper to present a new, re- 
cently developed, display, which when used with an 
FM/CW radar system can process the intelligence con- 
tained in the received echo in a simple manner and 
present it to an observer in the form of a range/velocity 
display. 


II. THE FM/CW EguatTions 


Linear frequency modulation of the radiated energy 
will be considered although other types have been used 
in the past. Fig. 1 illustrates various fundamental types 
of modulation that can be used. These types can be 
combined to obtain more complex forms of modulation. 
Fig. 1(d) is often used and is a combination of the 
modulations in Figs. 1(b) and 1(c). The basic equations 
from which it is possible to determine the target’s veloc- 
ity and position for the various types of modulation are: 


Type A (unmodulated carrier): 


F4 = fa — Ki, (1) 
Type B (negative frequency modulation) : 
Fp =fat+f, = Ki + Kor, (2) 


Type C (positive frequency modulation): 


Fo = fa—f, = Ki SiKor, (3) 
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Fig. 1—Various frequency-modulation methods. 


where /, is the frequency displacement of the returned 
echo from the carrier when the transmitted wave is un- 
modulated [Fig. 1(a)]. This displacement is, of course, 
due to the Doppler effect fa= Kit =(2Fo/C)#. Ky is the 
velocity-sensitivity factor and is established by the 
carrier frequency /y and the velocity of propagation C. 
vis the radial velocity of the target and is considered 
positive for inbound targets. 

F, is the difference in frequency between the trans- 
mitted and received frequencies when the transmitted 
wave is linearly frequency modulated in a negative 
direction and the measurement is made at the time of 
reception [see Fig. 1(b)]. This frequency difference has 
two components, fa and f,. f, is the amount of frequency 
shift that would be obtained if the target were sta- 
tionary during “B” type modulation and is due to the 
delay time ¢, of the echo. In this type of modulation the 
echo would always be higher in frequency than the 
transmitted wave. f, is proportional to the range by the 
range-sensitivity factor K,=2F/C, where F is the rate of 
frequency change of the carrier, and C is the velocity 
of propagation. If the target is moving, the Doppler 
shift f2 would cause an additional shift in received fre- 
quency. 

During type.“C” modulation, positive frequency de- 
viation of the carrier, the received frequency for a fixed 
target would always be below the carrier, hence the 
negative sign in (3). The Doppler shift fa would cause a 
higher frequency return for inbound targets. Fig. 1(c) 
illustrates this type of modulation. The range-sensitivity 
factor is identical if the rate of frequency change were 
the same asin type “B” modulation. 

For a single target, only two of the three equations 
are required to obtain the necessary data to solve for 
the range and radial velocity of the target, and the tri- 
angular modulation of Fig. 1(d), combining Figs. 1(b) 
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and 1(c) would be suitable. This type of modulation is 
not adequate for multiple-target operation because of 
the resultant ambiguities due to the fact that the target 
returns during the “B” modulation—Fy1, Fee, Ih BOO 
F,,, and the returns during “C” modulation—Fy1, Fee, 
F.3, > - +, Fe, are not correlated. For n target there will 
be n2 possible solutions for the targets’ range and veloc- 
ity coordinates. If a third redundant mode is used, the 
N?—WN target ambiguities can be eliminated. For sim- 
plicity, the third mode will be considered to be type SO 
unmodulated operation. Type “B” or “C” modulation 
with different range-sensitivity factors K» could also 
be used with possible advantage. 


Il]. Toe FM/CW PLANE 


If a plane is constructed where the ordinate is the 
range or f, axis and the abscissa is the velocity or fa 
axis, the resultant plane can be considered to be the 
FM/CW plane (Fig. 2). A target’s coordinates fa, fr 
would be plotted in the first quadrant if inbound, and in 
the fourth quadrant if outbound. In Figs. 2(a)—(d), 
two targets are located in the FM/CW plane with the 
coordinates fai, f.1 and fas, fre. 

Fig. 2(a) represents the locus of (1). For unmodulated 
or “A” type modulation, the target information Fu, 
F,. plots as two vertical lines with fa axis intercepts at 
F,, and F,2. Fig. 2(b) depicts the locus of the two targets 
when type “B” modulation is used. The equation 
F,=fatf, indicates that the locus of the two targets is 
on two lines with a slope of —1 with fa and f, axis inter- 
cepts of Fy, and Fy2, respectively. 

Similarly, for “C” type modulation the locus of the 
targets must be on the two lines with a slope Olea 
and fa and f, axis intercepts of Fo: and Fee [see Fig. 
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Fig. 2—Graphical solution of the range-velocity coordinates of 
multiple targets. 
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2(c) |. Fig. 2(d) illustrates the superposition of these 
lines. The points of triple intersection are the coor- 
dinates of the two targets fa, fri and fae, fre. Thus, it is 
seen that a graphical solution to the three basic FM/CW 
equations can be achieved. Plotting the three sets of re- 
turns as indicated using, Fai, Faz, Fas, °° *, Fan; Fi, 
Fine Piygyoti > alton} mC ere ery) concn Fy, results in 
N triple intersections at the proper target coordinates. 
From this graph, it is clear that removal of one of the 
modes—the A mode in this case—would result in four 
solutions, or n2—n ambiguities. A solution by means of 
a CRT display seems to be indicated. 


IV. PANORAMIC DISPLAY 


While other types of spectrum analyzers are avail- 
able, let us assume that three filter banks are used for 
frequency determination, one for each mode. The out- 
put of each filter is connected to a detector and storage 
element. The A, B, and C filter banks are sequentially 
scanned, and in synchronism with the filter scan, a spot 
is deflected from left to right on a CRT. If the start of 
the B and C filter scans are successively displaced 
vertically, as indicated in Fig. 3, and a vertical deflection 
is induced when a filter is reached whose storage ele- 
ment is energized, a single target will appear as indicated 
in Fig. 3. More than one target could be present, but 
only one will be considered here. The resultant spectrum 
display is quite conventional and can be achieved by a 
number of other well-known methods. 


Fig. 3—Frequency spectrum for single target. 


V. THE FM/CW DIspiay 


The graphical solution of Fig. 2 can be electronically 
implemented by means of the FM/CW plane display, 
using the same signals required for the panoramic dis- 
play. The following is the sequence of events for opera- 
tion of the FM/CW raster. During the A mode, the 
horizontal deflection is from left to right, in synchronism 
with the 4-filter readout. Simultaneously, the vertical 
deflection plates of the CRT are driven by a sawtooth 
whose period is equal to the sampling time per filter. 
By this means, a series of vertical lines is generated, one 
for each filter. During the B mode, an equal number of 
lines with a slope of —1 is generated. This is accom- 
plished by using the identical wave shapes used for de- 
flection during the A mode, but adding to the hori- 
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Fig. 4—FM/CW display raster. 


zontal deflecting sawtooth wave shape a sawtooth which 
is identical to the one which is used for vertical deflec- 
tion. Reversing the polarity of this added sawtooth 
during the C-mode scan causes an identical number of 
lines with a slope of +1 to be generated. With suitable 
persistence in the CRT phosphor, an FM/CW display 
raster is generated. Fig. 4 is a photograph of such 
a raster generated on a twelve-inch electrostatically- 
deflected CRT. If the lines are intensified only when an 


energized filter is reached, the resultant display will 
contain triple intersections whose coordinates are pro- 
portional to range and velocity of the target. The signal 
used for vertical “pip” deflection in Fig. 3 is used for in- 
tensification of the FM/CW plane display. 


VI. THE FM/CW Sector DISPLAY 


It is quite often impractical to supply enough filters 
to cover the entire range of anticipated target fre- 
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quencies. This is especially true if the filter bandwidths 
are made extremely narrow in order to achieve high 
resolution. Filter banks covering only a limited spectrum 
can be used if variable-frequency oscillators are used to 
heterodyne the portion of the full spectrum that is 
of interest to the frequencies covered by the particular 
filter bank. Fig 5 illustrates the coverage on the FM 
/CW plane of the A, B and C filter banks when a limited 
number of filters are used and the heterodyning fre- 
quencies fia, fr, and fre are properly interrelated. The 
diamond-shaped area of mutual coverage is the only 
place on the FM/CW plane where it is possible to ob- 
tain a triple intersection. If the heterodyning frequencies 
are not properly interrelated, the coverage will be re- 
duced. For instance, if only the heterodyning frequency 
used during the A mode fia is changed in frequency, the 
vertical lines, which indicate A-bank coverage, will 
move horizontally reducing the mutual coverage. If this 
frequency change is sufficiently large there will be no 
mutual coverage. When properly interrelated the dia- 
mond-shaped area can be considered to be a “window” 
on the entire FM/CW space, and this window can be 
positioned to cover the coordinates of the area on the 
FM/CW plane where the target is expected to appear. 
Several methods are available for achieving the correct 
relationship between the three heterodyning fre- 
quencies. 

If it is desired to position the A, B and C filter banks 
so that a particular target with the coordinates fa, f, ap- 
pears in the center of the three filter banks, the three 
heterodyning frequencies required are 


fra =frw +f + fe (4) 
ie = gitar eee dora (5) 
fre = fir + fy + fa — fr, (6) 


where frr is the carrier frequency of the IF before the 
final mixer, and f; is the center frequency of the filter 
banks. 

Fig. 6 is a block diagram of a system for obtaining 
these frequencies. By means of range and velocity 
controls, the center of the FM/CW sector coverage can 
be positioned to any place on the FM/CW plane. The 
range VFO moves the diamond-shaped area vertically 
and the velocity VFO positions this area horizontally. 
By measuring these two frequencies and using suitable 
scale factors, the center coordinates in range and veloc- 
ity of the area of coverage can be displayed on a digital 
readout device. The FM/CW plane display is syn- 
chronized exactly as in the case of the full FM/CW 
display. When this sector display is used, a triple inter- 
section, which represents a target, will move vertically 
on the display when the range VFO is tuned and hori- 
zontally when the velocity VFO is adjusted, indicating 
the movement of the “window” over the FM/CW 
plane. 

Fig. 7 is a block diagram of a possible receiver system 
which uses sector coverage. 
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Fig. 5—Sector coverage in FM/CW plane. 
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Fig. 6—VFO control for sector coverage. 
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Fig. 7—Block diagram—an FM/CW system with sector coverage. 


VII. Maximum UTILIZATION OF AVAILABLE FILTERS 


One interesting aspect of sector coverage is the de- 
termination of the maximum utilization of a given num- 
ber of filters. Fig. 5 illustrates the filter coverage when 
an equal number of filters are used in the A, B, and C 
filter banks. It is apparent that the filters at the high- 
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and low-frequency end of the A filter bank contribute 
little to the area in which it is possible to obtain a triple 
intersection. If these filters were removed and trans- 
ferred to the B and C banks, this area is increased and 
the “window” shape becomes hexagonal. 

With reference to Fig. 8, the following derivation in- 
dicates that for a given number of filters, the maximum 
FM/CW coverage is obtained when the B and C banks 
each contain 50 per cent more filters than the A bank. 


AREA WHEN A,B,C 
FILTER BANKS HAVE 
EQUAL BANDWIDTH 


Sig. 8—Maximum filter utilization in FM/CW system. 


If A is the area of the hexagon, 2a is the number of 
filters in the 4 bank, 26 is the number of filters in the B 
or C bank and N is the total number of available filters. 


N — 2a 


N=2ac+4b and 6= oes (7) 


The area A =4[3b?+a(b—a)]. Simplifying and sub- 
stituting for 8, 


A = —(4a2 + aN), (8) 


after differentiating and setting equal to zero, 


dA b 
0 =—= -—8a¢+N and — = 1.5. (9) 
da a 


VIII. EXPANDED TRACKING DISPLAYS 


A useful tracking or magnified display can be obtained 
by modifying the timing of the synchronizing triggers. 
With reference to Fig. 3, a marker generator can be 
built which will allow superposition of the marker and 
the target returns. The marker generator has two delay 
controls. When the A mode is being scanned, the marker 
signal appears at a time ¢, after the start of A-filter scan 
and the B marker appears at a time (¢,++¢,) after the 
start of the B-filter scan. Similarly, the marked delay 
after the start of C scan is equal to (tg—#,). The target 
can be tracked by means of the range and velocity delay 
controls. The delays ta, ¢, can be measured, and by suit- 
able proportionality constants, the range and velocity 
of the tracked target can be displayed or recorded. 
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These numbers can be added to those obtained from 
the VFO’s for absolute determination of the target's 
velocity and range. 

In order to increase the tracking accuracy and obtain 
a magnified 10X display, a pretrigger is generated by 
the marker generator 1/20 of the time it takes to scan a 
filter bank. If these A, B and C pretriggers initiate a 
sweep On a panoramic display similar to Fig. 3 with a 
duration 1/10 of the filter scan time, the markers al- 
ways will appear in the center of this expanded display; 
and when marker tracking is on target, the 4, B and C 
returns will be centered and positioned one above the 
other. 

If this sweep voltage, which is synchronized to the 
pretriggers, is used in place of the horizontal deflection 
voltage used in the FM/CW display, an expanded dis- 
play results covering 1/100 the area of the FM/CW 
plane display. Adjustment of the marker controls tg, t, 
will position this smaller portion of the FM/CW plane 
within that portion covered by the filter banks in Fig. 5. 
This positioning is similar to the orthogonal “window” 
positioning by VFO control and is illustrated in Fig. 5. 
When the markers are positioned to coincide with the 
returns from a particular target, the triple intersection 
will appear at the exact center of this magnified track- 
ing FM/CW display. Several of these tracking displays 
can be operated simultaneously with the addition of a 
marker generator and display for each tracking operator. 


IX. RESULTS—IMPLEMENTATION 


The FM/CW plane display was built using a twelve- 
inch, electrostatically deflected CRT, and is illustrated 
in Figs. 4, 9 and 10. In Fig. 9, a simulator is used to 
generate eleven signals in the A, B and C filter banks, 
dividing each area into ten equal spaces. The resultant 
test pattern illustrates the ability of the display to ac- 
curately resolve triple intersections over the face of the 
tube. In the design of such an indicator there are two 
basic types of distortion to consider. One type is con- 
veniently called “rubber” distortion, for it is equivalent 
to having the FM/CW plane graph drawn on a sheet of 
rubber. Stretching this sheet can cause various types of 
inaccuracies but will not destroy a triple intersection. 
This type of distortion occurs when the nonlinearities 
are introduced in stages that are commonly shared by 
the A, B and C deflection signals. The geometric dis- 
tortions in the CRT, and nonlinearities in the deflection- 
driver amplifiers are examples of “rubber” distortion. 
An examination of Fig. 9 indicates the presence of 
“barrel” type distortion which does not deteriorate the 
triple intersections. When distortions are introduced in 
deflection signal paths which are not common to all 
three modes, it is possible that an exact point of triple 
will not occur. Care was taken to reduce this form of dis- 
tortion, and the results indicated in Fig. 9 were ob- 
tained with comparatively simple circuitry with good 
reliability and a minimum of adjustments. 
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Fig. 9—Triple-intersection test pattern. 


Fig. 10 is a photograph of the results obtained during 
a controlled two-target flight test. The differences in 
range and velocity between these two targets are clearly 
evident. The panoramic display at the right was ener- 
gized with the identical filter output signals used for 
intensification of the FM/CW display. Examination of 
the panoramic display illustrates the difficulty an 
operator would have in utilizing the spectrum informa- 
tion under conditions. The 


multiple-target sharp 


marker “pips” controlled by ta, t, are also evident on 
this display. 
X. FUTURE DEVELOPMENTS 
As the target’s coordinate information is contained 
only in the point of triple intersection, it would be de- 


sirable to eliminate all the excess lines from the display 


to reduce the confusion when there are a large number 
of targets. Several systems for accomplishing this end 
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Fig. 10—Multiple-target flight test. 


have been considered. One system in particular is being 
presently pursued. In addition to eliminating the excess 
lines, it has the capabilities of automatic readout of 
multiple target coordinates and adjustable persistence 
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enabling the target coordinate point to be displayed as 
a “track.” 

Other systems than those indicated in Fig. 7 are ap- 
plicable. A ramp with twice the frequency deviation 
of the B and C modes can be substituted for the CW 
mode. Returns would be plotted as a line with twice 
the slope of those in the B and C modes. 
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His work has been 
in the fields of radar, 
communications, data 
processing and op- 
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tics. 
Mr. Leith is a member of Sigma Xi. 


Norman MacKinnon was born in Wil- 
mington, Del., on July 24, 1931. He received 
the B.S.E.E. degree from Rutgers Univer- 
sity, New Brunswick, N. J., in 1953. 

He then worked at the Hazeltine Elec- 
tronics Division of the Hazeltine Corpora- 
tion, Little Neck, N. Y., as a design engineer 


on the design, development and field evalua- 


tion of airborne ASW and IFF systems. In 
1956 he joined the staff of the Raytheon 
Company, Wayland, 
Mass., where his 
duties have included 
project engineering 
responsibilities on 
missile guidance ra- 
dar system design, 
and where he is pres- 
ently head of a 
systems project en- 
gineering section in 
the Ordnance Radar 
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Herbert H. Naidich was born in New 
York, N. Y., on May 6, 1924. He received 
the B.E.E. degree from the College of the 
City of New York in 
1949, and the M.E.E. 
from the Newark 
College of Engineer- 
ing, Newark, N. J. 

From 1942 to 
1946 he served in the 
Army, working on 
communications and 

: fire control equip- 
b ment. After gradua- 
tion, he joined the 
Civil Aeronautics 
Authority, engaging 
in radar development at the General Elec- 
tric Company, Electronics Park, Syracuse, 
N. Y. From 1950 to 1955 he was with the 
Bendix Radio Division, Towson, Md., where 
he was active in the development of several 
radar systems. Since 1955 he has been with 
the International Telephone and Telegraph 
Labs., Nutley, N. J., engaged in the develop- 
ment of several advanced countermeasures 
and radar systems. 


H. NarpicH 


Frank C. Ogg, Jr., (M’56-SM’S9) was 
born in Champaign, III.,on January 22, 1930. 
He received the B.S. in mathematics from 
Bowling Green State 
University, Bowling 
Green, Ohio, in 1951. 
From 1951 to 1955 he 
was Junior Instructor 
in mathematics at 
The Johns Hopkins 
University, Baltimore, 
Md., where he re- 
ceived the Ph.D. de- 
gree in mathematics 
in 1955. 

From 1955 to 1960 
he was employed by 
the Bendix Corporation, Baltimore, Md., 
as a research engineer and later as Principal 
Research Engineer. In this capacity he 
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worked on radar data processing, pulse com- 
pression, noise analysis and antijamming cir- 
cuitry for radar. From 1958 to 1959 he was 
Supervisor of the Systems Group on a large 
steerable array radar project. In 1960 he was 
appointed Research Scientist in the Radia- 
tion Laboratory of The Johns Hopkins Uni- 
versity, where he is now Supervisor of the 
Signal Analysis Group. 

Dr. Ogg is a member of the American 
Mathematical Society, the Society for !n- 
dustrial and Applied Mathematics, and 
Sigma Xi. 


Austin Parsons (M’57) was born in Hart- 
ford, Conn., on April 10, 1930. He received 
the B.A. degree in physics from Boston 
University, Boston, 
Mass., in 1956. 

From 1956 to 
1957 he was em- 
ployed at the Ewen 
Knight Corporation, 
Needham, Mass., and 
from 1957 to 1960 he 
was a staff member 
of the Lincoln Lab- 
oratory, Massachu- 
setts Institute of 
Technology, Lexing- 
ton. He is currently 
again employed at the Ewen Knight Cor- 
poration. 
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Herbert O. Ramp (M’59) was born in 
Vienna, Austria, on August 9, 1924. He re- 
ceived the Diplom Ingenieur degree from the 
University of Tech- 
nology of Vienna, 
Austria, in 1951. 

After graduation 
he joined the staff of 
the Receiving Tubes 
Laboratory of Siemens 
and Halske, Vienna, 
where he was in 
charge of the Meas- 
urement Group. In 
1953 he was employed 
by the Signal Corps 
Engineering Labora- 
tories at Fort Monmouth, N. J., where he 
was project engineer for passive radar de- 
velopment and battlefield surveillance radar. 
In 1956 he joined the Electronics Laboratory 
of the General Electric Company, Syracuse, 
N. Y., where he has been engaged in develop- 
mental! work in the pulse compression field 
since 1957. 
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Gerald F. Ross (S’51—A’53—M’57-SM’60) 
was born in New York, N. Y., on December 
14, 1930. He received the B.E.E. degree from 
the College of the City of New York in 1952, 
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and the M.E.E. degree from the Polytechnic 
Institute of Brooklyn, Brooklyn, N. Y., in 
1955, where he is currently a doctoral candi- 
date. ; 

In 1952 he was 
employed as a Re- 
search Assistant at 
the University of 
Michigan Laborato- 
ries, Ann Arbor, where 
he developed micro- 
wave receivers. In 
1953 he served briefly 
as an electronics proj- 
ect officer at the 
U. S. Air Force Hol- 
loman Air Develop- 
ment Center, Alamogordo, N. Mex., and 
later that same year joined the W. L. Max- 
son Corporation, New York, N. Y., where he 
helped develop the ALQ-23 ECM system. In 
1958 he joined the Sperry Gyroscope Com- 
pany, Great Neck, N. Y., where he continued 
his work in the ECM field and where he has 
recently been engaged in advanced radar 
studies. 

Mr. Ross is a member of Tau Beta dels 
Eta Kappa Nu, and Sigma Ni. 
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John A. Ruetz (S’50-A’50-M’56) was 
born in Remus, Mich., on August 21, 1926. 
He received the B.S.E.E. and M.S.E.E. 
degrees from the Uni- 
versity of Michigan, 
Ann Arbor, in 1949 
and 1950, respec- 
tively, and the Ph.D. 
degree in electrical 
engineering from 
Stanford University, 
Stanford, Calif., in 
1957. 

From 1950 to 
1953 he worked on 
low-noise traveling- 
wave tubes at RCA 
Laboratories, Princeton, N. J. From 1953 to 
1957 he was employed in the Electronics Re- 
search Laboratory at Stanford University. 
Since 1957 he has been employed by Varian 
Associates, Palo Alto, Calif., where he is now 
working on the development of high-power 
traveling-wave tubes. 
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Abraham E. Ruvin (A’46—M’55) was 
born in Brooklyn, N. Y., on May 17, 1921. 
He received the B.E.E. degree from the 
Cooper Union, New 
York, N. Y., in 1942, 
and the M.E.E. de- 
gree from the Poly- 
technic Institute of 
Brooklyn, Brooklyn, 
N. Y., in 1949. 

From 1942 to 
1946 he was an engi- 
neer with the Na- 
tional Advisory Com- 
mittee for Aeronau- 
tics at Langley Field, 
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Virginia, where he worked on the develop- 
ment of a radio telemetering system used for 
measurements in free flight and rocket mis- 
siles. From 1947 to 1950 he was an engineer 
at Hazeltine Electronics Corporation, Little 
Neck, N. Y., where he participated in devel- 
opment of IFF systems and radar relay re- 
ceivers for an AEW system. Since 1950 he 
has been with the Airborne Instruments 
Laboratory, Melville, N. Y., where he has 
been a project engineer in the development 
of advanced MTTI techniques and missile de- 
fense study, and where, at present, he is a 
section head in the Radar Systems Depart- 
ment. 


Leon Schwartzman (S’56—-M’59) was 
born in Brooklyn, N. Y., on February 6, 
1931. He received the B.E.E. degree from 
the Polytechnic In- 
stitute of Brooklyn, 
Brooklyn, N. Y., in 
1958. 

From 1952 to 1954 
he served in the U.S. 
INaviyeaseeasetadar= 
man. Since 1957 he 
has been with the 
Microwave Electron- 
ics Department of 
the Sperry Gyroscope 
Company, Great 
Neck, N. Y., where 
he has worked on the development of micro- 
wave antennas, specializing in monopulse 
systems, Cassegrainian antennas, and wide- 
angle scanning systems. He is presently en- 
gaged in electromagnetic wave propagation, 
ionospheric physics, and communication 
problems. 
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Henry R. Senf (A’38-SM’46) was born 
in Louisville, Ky., on July 3, 1912. He re- 
ceived the B.S. degree in physics from Anti- 


och College, Yel- 
low Springs, Ohio, 
in 1936. 

From 1934 to 


1938 he assisted in 
the development of 
instrument landing 
systems in the Air- 
craft Radio Labora- 
tory, Wright Field, 
Ohio. From 1938 to 
1947 he was em- 
ployed at the Naval 
Research Labora- 
tory, Washington, D. C., where he worked 
on radar altimeters, airborne radar, and the 
Mark V IFF system. From 1947 to 1949 he 
developed high-speed computing circuitry 
for the SEAC computer at the National 
Bureau of Standards, Washington, D. C. 
During the next five years he was a member 
of the technical staff of the Air Navigation 
Development Board, where he was concerned 
with numerous air navigation and _ traffic 
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control projects. In 1954 he joined Lockheed 
Missile Systems Division, Van Nuys, Calif., 
as Head of the Electronics Department... 

Since 1956 he has been associated with 
the Research Laboratories of Hughes Air- 
craft Company, Malibu, Calif., where he has 
been concerned primarily with applied re- 
search on electronic antenna scanning, three- 
dimensional cathode-ray tube displays, and 
solid-state maser amplifiers. 


Murray Simpson (M’46) was born in 
New York, N. Y., on July 27, 1921. He re- 
ceived the B.E.E. degree from the College 
of the City of New 
York in 1942, and 
the M.E.E. degree 
from the Polytechnic 
Institute of Brook- 
lyn, Brooklyn, N. Y., 
in 1952. 

For a number of 
years he has been 
concerned with the 
design of advanced 
radar systems and 
electronic _counter- 
measures equipment. 
Prior to his entrance into the Navy, he was 
with the Federal Telecommunications Labo- 
ratories, New York, N. Y., where he was 
concerned with the development of various 
types of aircraft navigation equipments, 
such as the omni-range and instrument land- 
ing system. As a naval lieutenant during 
World War II he was assigned to the Air- 
craft Radio Section of the Naval Research 
Laboratory, Washington, D. C., where he 
developed various types of airborne anten- 
nas and microwave-filter networks. Imme- 
diately after the war, he took part in the 
early development of microwave communi- 
cations systems at Raytheon Manufacturing 
Company, Waltham, Mass. From 1948- 
1950 he headed a group at Fairchild Guided 
Missiles Company concerned with the de- 
velopment of a surface-to-air missile system. 
At present, he is Assistant Vice-President 
and Technical Director of Maxson Elec- 
tronics Corporation, New York, N. Y., re- 
sponsible for the technical performance of 
all research and development programs. 

Mr. Simpson is a member of Tau Beta 
Pi, Eta Kappa Nu, and the American Ord- 
nance Association. 
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Austin R. Sisson (S’47—A’50-SM’55) was 
born in Harveyton, Ky., on February 24, 
1923. He received the B.S.E.E. and M.S.E.E. 
degrees from the University of Tennessee, 
Knoxville, in 1948 and 1949, respectively. 

He was a research engineer at the Uni- 
versity of Tennessee from 1949 to 1950. 
During 1950 and 1951 he was employed by 
Douglas Aircraft Company, El Segundo, 
Calif., as a design engineer in the antenna 
group. From 1951 to 1953 he was a Senior 
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Engineer with Microwave Engineering 
Company, Los Angeles, Calif., where he de- 
signed microwave systems and antennas. 
In 1953 he joined the 
Bendix-Pacific Divi- 
sion of the Bendix 
Corporation, North 
Hollywood,  Calif., 
where he is now Head 
of the Microwave 
Department, respon- 
sible for microwave 
systems and antenna 
engineering in the 
areas of radar, mis- 
sile guidance, bea- 
cons, altimeters, and 
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telemetry. 
Mr. Sisson is a member of Tau Beta Pi, 
Eta Kappa Nu, and Phi Kappa Phi. 


+, 
e 


Anthony P. Uzzo, Jr., (A’50-M’58) was 
born in Wilmington, Del., on May 11, 1923. 
He received the B.S. degree in engineering 
from the University 
of Delaware, New- 
wark, in 1948. 

While at the Uni- 
versity of Delaware, 
he participated in the 
development of in- 
strumentation for 
flame study research. 
Following gradua- 
tion, he joined the 
Airborne Instruments 
Laboratory, Melville, 
N. Y., where he has 
worked on MTI, surveillance radar systems, 
and automatic tracking devices, and where 
he has been project engineer on MTT devel- 
opments and on the design of the radar proc- 
essing equipment for the USAF Frequency 
Diversity Program. Recent efforts include 
the direction of production of the ASDE II 
and AN/FPN-31 radars, the AN/PPS-5 
radar, and the AN/GPA-98 simulation sys- 
tem. At present, he is a section head in the 
Department of Radar Systems. 
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William S. Van Slyck (SM’56) was born 
in Ironwood, Mich., on September 22, 1921. 
He received the B.S.E.E. degree from the 
University of Michi- 
gan, Ann Arbor, in 
1943. He then at- 
tended Harvard Uni- 
versity and _ the 
Massachusetts Insti- 
tute of Technology, 
Cambridge, for spe- 
cial radar, sonar, 
and communications 
study. 

While in the 
Navy, he served as 
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radar officer in submarine service. Since 1947 
he has been employed by Zenith Radio 
Corporation, Chicago, Ill., as a development 
engineer, and is now Chief Electrical Engi- 
neer of the Military Division. 

Mr. Van Slyck is a member of the Armed 
Forces Communications and Electronics 
Association. 
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Weston E. Vivian was born in New- 
foundland, Can., on October 25, 1924. He 
received the B.S.E.E. degree from Union 
College, Schenectady, 
N. Y., in 1945, the 
S.M. degree from 
Massachusetts Insti- 
tute of Technology, 
Cambridge, in 1949, 
and the Ph.D. degree 
from The University 
of Michigan, Ann 
Arbor, in 1959. 

After release from 
service as an officer 
in the U. S. Navy in 
1946, he was engaged 
in research in electronics for the Sperry 
Gyroscope Co., Great Neck, N. Y., Massa- 
chusetts Institute of Technology, Boeing 
Airplane Co., Seattle, Wash., and The Uni- 
versity of Michigan, successively through 
1951. He is presently Vice President for 
Engineering, Conductron Corp., Ann Arbor, 
Mich. His technical activities have included 
development of guidance and reconnaissance 
systems, and research on microwave proper- 
ties of ionized gases and beam devices. 
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E. R. Wingrove, Jr., (S’51-M’56) was born 
in McDonald, Pa., on February 24, 1931. He 
received the B.S. degree in 1952, the M.S. 
degree in 1953, and 
the Ph.D. degree in 
1955, all from the 
Carnegie Institute of 
Technology,  Pitts- 
burgh, Pa. From 1952 
to 1954, he was a 
Research Assistant, 
and from 1954 to 
1955, a Buhl Fellow, 
at Carnegie, where he 
worked on problems 
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and measurement of 
magnetic and dielectric amplifiers. 

Since 1955 he has been a member of the 
staff of the General Electric Electronics 
Laboratory, Syracuse, N. Y., where he 
is presently a project engineer engaged in 
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advanced development of pulse compression 
radar techniques, monopulse radar systems, 
three-coordinate radar, limiting amplifiers, 
phase detectors, and precision phase meas- 
urement techniques. 

Dr. Wingrove is a member of Sigma Xi 
and RESA. 
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W. H. Yocom was born in Oberlin, Ohio, 
on May 15, 1919. He received the B.A. de- 
gree in physics from Oberlin College, in 1940, 
the B.S.E.E. degree 
from the Massachu- 
setts Institute of 
Technology, | Cam- 
bridge, in 1942, and 
the M.S.E.E. degree 
from Stevens Insti- 
tute of Technology, 
Hoboken, N. J., in 
1950. 

From 1942 to 
1956 Mr. Yocom was 
employed by Bell 
Telephone Labora- 
tories, Murray Hill, N. J., where he was first 
concerned with carrier and microwave sys- 
tems, and later with microwave tube re- 
search, particularly beam focusing and 
generation of millimeter waves. In 1956 he 
joined Varian Associates, Palo Alto, Calif., 
where he currently heads the Wave Tube 
Research and Development Department. 

Mr. Yocom is a member of Sigma Xi. 
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Gregory O. Young (S’43~A’47-SM’S3) 
was born in Spokane, Wash., on April 20, 
1922. He received the B.S.E.E.andM.S.E.E. 
degrees from the 
California Institute 
of Technology, Pasa- 
dena, in 1944 and 
1947, respectively, 
and the Ph.D. degree 
in electrical engineer- 
ing from the Univer- 
sity of Southern Cali- 
fornia, Los Angeles, 


f in 1956. 


From 1947 to 
G. O. YOUNG 1956 he was a mem- 


ber of the technical 
staff of the Hughes Aircraft Company, Cul- 
ver City, Calif., and a Lecturer at U.S.C. 
Since 1956 he has been an Associate Pro- 
fessor of electrical engineering at U.S.C. and 
a Consultant at Hughes. His principal inter- 
ests and experience lie in the fields of infor- 
mation theory, noise, systems analysis and 
servo design. He is presently engaged in re- 
search on data-processing antennas and in- 
formation theory applied to antenna design. 
Dr. Young is a member of Tau Beta Pi, 
Sigma Xi, and Eta Kappa Nu. 
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